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ABSTRACT 
 Youth football players ages 8-12 may incur hundreds of repeated head impacts 
(RHI) each season. Evidence suggests concussive brain injury during childhood may 
disrupt normal developmental processes resulting in long-term impairments. However, 
little research has investigated the long-term effects of incurring RHI during critical 
periods of neurodevelopment. Rapid myelination and cerebral blood flow rates, peaks in 
regional cortical thickness and volumes of specific structures, refinement of regional 
connectivity, and other neurodevelopmental changes occurring in the brain from ages 10-
12 could create a window of vulnerability to RHI. The objective of this research was to 
determine the relationship between exposure to RHI prior to age 12, during a critical 
period of neurodevelopment, and later-life brain structure and function. Former National 
Football League (NFL) players ages 40-65 were divided into two groups based on their 
age of first exposure (AFE) to RHI through tackle football: AFE <12 and AFE ≥12. In 
the first study, we observed significantly lower scores on objective tests of executive 
functioning, memory, and estimated verbal IQ in those who began playing football prior 
   x
to age 12 compared to those who began playing at age 12 or older. Next, we used 
diffusion tensor imaging (DTI) to examine the structural integrity of the corpus callosum 
(CC) and observed that the AFE <12 group had significantly lower fractional anisotropy 
(FA) as well as a greater decline in FA with age in anterior CC regions than the AFE ≥12 
group. Lastly, we used advanced DTI tractography techniques to examine seven CC 
regions. Significant differences between AFE groups in associations between CC 
diffusion measures and cognition, mood, and behavior were found. The results of this 
research suggest that incurring RHI through tackle football during a critical 
neurodevelopmental period prior to age 12 may result in later-life structural and 
functional consequences, including cognitive, mood, and behavioral impairments; 
alterations in white matter structure; and greater vulnerability of white matter to the 
normal aging process. If replicated with longitudinal designs, larger samples, and athletes 
whose highest level of play was youth, high school, or college, these findings may have 
implications for safety recommendations for youth sports.  
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GLOSSARY 
 
Concussion/Mild Traumatic Brain Injury (mTBI): Some people have the 
misconception that concussions only happen when you black out after a hit to the head or 
when the symptoms last for a while. But, in reality, a concussion has occurred anytime 
you have had a blow to the head that caused you to have symptoms for any amount of 
time. These include: blurred or double vision, seeing stars, sensitivity to light or noise, 
headache, dizziness or balance problems, nausea, vomiting, trouble sleeping, fatigue, 
confusion, difficulty remembering, difficulty concentrating, or loss of consciousness. 
Whenever anyone gets a ding or their bell rung, that too is a concussion (Robbins et al., 
2014; Seichepine et al., 2013). Concussion and mTBI will be used synonymously in this 
work.  
Traumatic Brain Injury (TBI): A blow to the head that results in disrupted brain 
function. This term will refer to TBI in general, over varying levels of severity, in this 
work 
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 CHAPTER ONE:  
GENERAL INTRODUCTION 
 
The brain reaches 90% of adult size by age 6, yet many aspects of brain 
development continue well into adolescence and young adulthood (Giedd, Blumenthal, 
Jeffries, Castellanos, et al., 1999; Kaller et al., 2012; Lebel & Beaulieu, 2011; Lebel et 
al., 2012). Dynamic changes in synapse formation and elimination, myelination, 
metabolism, and neurochemistry occur as the individual interacts with the outside world, 
allowing the brain to adapt to the demands of the environment (V. Anderson, Spencer-
Smith, & Wood, 2011; Huttenlocher & Dabholkar, 1997; Nolte, 2009; Shaw et al., 2008). 
It was previously believed that the plasticity of the developing brain enhanced its ability 
to recover following brain injury (G. E. Schneider, 1979).  While this theory may have 
merit for focal injury in children (V. Anderson, Jacobs, et al., 2010; Aram & Eisele, 
1994; Ballantyne, Spilkin, Hesselink, & Trauner, 2008; Lassonde, Sauerwein, Geoffroy, 
& Decarie, 1986; Stiles, 2000). more recent research suggests that the young brain is 
more likely to experience prolonged recovery and poor outcomes following diffuse injury 
from traumatic brain injury (TBI; Baillargeon, Lassonde, Leclerc, & Ellemberg, 2012; 
Field, Collins, Lovell, & Maroon, 2003; Guskiewicz & Valovich McLeod, 2011; Shrey, 
Griesbach, & Giza, 2011; Zuckerman et al., 2012).  Skills that are emerging or not well-
established at the time of injury are most likely to be impaired (V. Anderson, Spencer-
Smith, et al., 2010; Brenner et al., 2007; Guskiewicz & Valovich McLeod, 2011; Shrey et 
al., 2011).  Furthermore, the functional outcomes of damage to later-developing brain 
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regions may not become apparent until years following the injury when skills associated 
with these regions do not fully mature (Andersen & Teicher, 2008; V. Anderson, 
Spencer-Smith, et al., 2011).  
Over 5 million athletes participate in football in the United States annually, and 
approximately 3.5 million, or 70%, are youth football players (Daniel, Rowson, & Duma, 
2012).  This collision sport has the highest rate of TBI for male high school and 
collegiate athletes (Daneshvar, Nowinski, McKee, & Cantu, 2011). Moreover, football is 
the greatest source of emergency department visits for TBI in males age 10-14 and the 
fourth highest source for males ages 5-9 (Centers for Disease & Prevention, 2011). Of 
further concern, recent studies have shown that youth football players can incur hundreds 
of subconcussive hits to the head each season (Cobb et al., 2013; Daniel et al., 2012; 
Daniel, Rowson, & Duma, 2014a, 2014b; T. J. Young, Daniel, Rowson, & Duma, 2014). 
Cobb and colleagues (2013) reported that 9-12 year old football players experienced an 
average of 240, and up to 585, hits to the head greater than 15g over one season 
consisting of approximately 22 practices and games. The hits experienced by youth 
football players are similar in magnitude to those experienced by their high school and 
college counterparts, with several exceeding 80g (Broglio et al., 2011; Cobb et al., 2013; 
Daniel et al., 2012, 2014a, 2014b; Schnebel, Gwin, Anderson, & Gatlin, 2007). Research 
has shown that these repeated head impacts (RHI) can lead to later life consequences, 
including behavioral difficulties (Seichepine et al., 2013), mood disturbance 
(Guskiewicz, Marshall, et al., 2007; Kerr, Marshall, Harding, & Guskiewicz, 2012), 
cognitive impairment (Guskiewicz et al., 2005; Randolph, Karantzoulis, & Guskiewicz, 
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2013; Seichepine et al., 2013), and the neurodegenerative disease chronic traumatic 
encephalopathy (CTE; McKee et al., 2013; Montenigro et al., 2014; R. A. Stern et al., 
2013). However, the long-term consequences of incurring RHI during critical periods of 
neurodevelopment has yet to be examined. Therefore, the goal of this dissertation is to 
examine the relationship between the age of first exposure (AFE) to RHI through tackle 
football and later-life functional and structural outcomes in former National Football 
League (NFL) players.  
 
Critical Period of Neurodevelopment from Ages 10-12 
Brain development follows a non-linear path with periods of stability occurring 
between stages of rapid maturation during which plasticity is greatest (V. Anderson, 
Spencer-Smith, et al., 2011; Epstein, 1999; Guskiewicz & Valovich McLeod, 2011). The 
period from ages 9-12 represents a critical stage of neurodevelopment in males marked 
by peaks and plateaus in several aspects of brain structure and function (V. Anderson, 
Spencer-Smith, et al., 2011; Epstein, 1999).  An increase in cerebral blood flow, which is 
thought to predict stages of rapid brain growth, occurs between ages 10-12 (Epstein, 
1999), and changes in the volume of specific structures, cortical thickness in several 
regions, rate of myelination, and neurochemical levels also occur during this time (V. 
Anderson, Spencer-Smith, et al., 2011; Chugani, Phelps, & Mazziotta, 1987; Giedd, 
Blumenthal, Jeffries, Castellanos, et al., 1999; Guskiewicz & Valovich McLeod, 2011; 
Lebel, Walker, Leemans, Phillips, & Beaulieu, 2008; Uematsu et al., 2012). The 
neurodevelopmental trajectory of females differs from that of males, with females 
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tending to reach key milestones at an earlier age than males (Giedd, Blumenthal, Jeffries, 
Castellanos, et al., 1999; Lenroot & Giedd, 2006). As the studies described in this 
dissertation examine male football players, only the trajectory of development of the 
male brain are described in this introduction. 
 
Synaptic Overproduction and Pruning 
The preadolescent stage of development is characterized by an overproduction of 
synaptic connections aimed at maximizing the potential for information transfer, 
followed by a competitive elimination of synapses (Andersen, 2003; Gogtay et al., 2004; 
Huttenlocher & Dabholkar, 1997; Shaw et al., 2008). Connections with stronger 
presynaptic and postsynaptic activity are preserved while weaker synapses are eliminated 
(Andersen, 2003; Nolte, 2009). Synaptic pruning begins in several cortical regions, 
including parts of the frontal and parietal cortex, around age 12 in males (Giedd, 
Blumenthal, Jeffries, Castellanos, et al., 1999; Lenroot & Giedd, 2006). A peak in overall 
cortical surface area has also been reported at age 12 (Schnack et al., 2014). Uematsu and 
colleagues (2012) found that the right amygdala reaches peak volume at age 12.6, while 
volume of the left amygdala peaks at age 11.1. They also observed that the right and left 
hippocampi reached peak volume at ages 10.3 and 11.4, respectively. Synaptic 
elimination is thought to increase the efficiency of information processing in response to 
experience at regionally-specific times in neurodevelopment (Andersen, 2003; V. 
Anderson, Spencer-Smith, et al., 2011; Kelly et al., 2009). 
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White Matter Maturation 
 Although some white matter pathways continue to develop through the fourth 
decade of life (Lebel et al., 2012; Qiu, Tan, Zhou, & Khong, 2008; Westlye et al., 2010), 
the most substantial and rapid developmental changes occur during childhood. 
Myelination, which serves to increase the speed of signal transmission and neuronal 
communication, represents the greatest cellular-level developmental change in the white 
matter in late childhood (Klingberg, Vaidya, Gabrieli, Moseley, & Hedehus, 1999; Lebel 
et al., 2008). Stages of rapid myelination occur between ages 7-9 and 11-12 (V. 
Anderson, Spencer-Smith, et al., 2011; Spencer-Smith & Anderson, 2009). Substantial 
changes in white matter networks also occur between ages 10-12, with peaks in several 
networks occurring around age 11 (Z. Chen, Liu, Gross, & Beaulieu, 2013; Hudspeth, 
1990). Primarily local networks from early childhood become more integrated during this 
stage, resulting increased global network efficiency (Z. Chen et al., 2013; K. Wu et al., 
2013).  
 
Anatomy and Development of the Corpus Callosum 
 The corpus callosum (CC) is the largest commissural fiber tract in the brain, 
connecting the right and left hemispheres through approximately 250 million axons 
(Nolte, 2009). The CC is topographically organized and contains several named regions 
as described on the midsagittal view, where the tract is most clearly discernable (Chao et 
al., 2009; Hofer & Frahm, 2006; Musiek, 1986; Witelson, 1989). The anterior portion of 
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the CC consists of the genu, or anterior bend of the CC, and rostrum, which extends 
inferiorly and posteriorly from the genu (Chao et al., 2009; Hofer & Frahm, 2006; 
Witelson, 1989). The anterior CC consists of fibers connecting the prefrontal cortex of 
each cerebral hemisphere. The middle portion of the CC is referred to as the body or 
midbody (Chao et al., 2009; Hofer & Frahm, 2006; Witelson, 1989). The anterior 
midbody contains premotor and supplementary motor fibers, while the posterior midbody 
is composed of axons connecting the superior parietal regions. The isthmus joins the 
posterior body with the splenium, which is the most posterior portion of the CC (Chao et 
al., 2009; Hofer & Frahm, 2006; Musiek, 1986; Witelson, 1989). Fibers connecting the 
superior temporal and posterior parietal cortices form the isthmus, and fibers extending 
between contralateral occipital and inferior temporal regions comprise the splenium. 
Notably, though the CC connects most cerebral cortical regions across hemispheres, the 
medial temporal lobe, posterior temporal pole, and anterior superior temporal regions are 
not connected by the CC, but rather, by the anterior commissure (Musiek, 1986). 
 Fiber size, degree of myelination, and density of fibers differ across CC regions. 
The genu contains the highest density of small-diameter, unmyelinated axons in the 
corpus callosum (Aboitiz, Scheibel, Fisher, & Zaidel, 1992; Hasan et al., 2009; Musiek, 
1986), with 72% of genu fibers having a diameter of 0.2-1µm (Aboitiz et al., 1992). 
Consistent with the fact that fibers of the genu connect the prefrontal cortices of the two 
hemispheres, higher-order cognitive information is predominantly transferred through 
small-diameter, slower-conducting fibers (Aboitiz et al., 1992; Luders et al., 2011). 
Higher-order processing regions of the parietal and temporal lobes are also connected by 
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small-diameter fibers, which comprise 45% of the isthmus and posterior midbody 
(Aboitiz et al., 1992). The larger and more highly-myelinated fibers carrying information 
from the primary motor and occipital regions comprise the posterior splenium and the 
anterior portion of the posterior midbody (Aboitiz et al., 1992; Knyazeva, 2013; Musiek, 
1986). Fiber density is highest in the genu and decreases gradually through the posterior 
midbody (Aboitiz et al., 1992). The density of fibers increases again in the anterior 
splenium, while posterior splenium also has a low fiber density (Aboitiz et al., 1992).  
 The CC is among the earliest white matter pathways to develop in the young brain 
(Lebel & Beaulieu, 2011; Lebel, Caverhill-Godkewitsch, & Beaulieu, 2010; Lebel et al., 
2012; Lebel et al., 2008). CC fibers develop prenatally and form a tract similar in 
appearance to that of an adult by 10 months of age (Andronikou et al., 2015; Ewing-
Cobbs et al., 2008). Myelination provides for the majority of postnatal growth and 
continues into young adulthood (Bosnell, Giorgio, & Johansen-Berg, 2008; Ewing-Cobbs 
et al., 2008). However, approximately 16-30% of CC fibers remain unmyelinated in the 
adult brain (Aboitiz et al., 1992; Fields, 2008), with most of these fibers being located in 
the genu (Aboitiz et al., 1992; Hasan et al., 2009; Musiek, 1986).  Though much of the 
brain follows a posterior to anterior wave of development (Spencer-Smith & Anderson, 
2009), the anterior CC appears to undergo more rapid development at an earlier age than 
the posterior CC (Giedd, Blumenthal, Jeffries, Rajapakse, et al., 1999; Snook, Paulson, 
Roy, Phillips, & Beaulieu, 2005; Spencer-Smith & Anderson, 2009; Thompson et al., 
2000). Both the genu and the splenium develop earlier and at a more rapid rate than the 
body of the CC (Lebel et al., 2010; Lebel et al., 2008), which matures at a steady rate 
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over childhood and adolescence (Andronikou et al., 2015; Lebel & Beaulieu, 2011; Lebel 
et al., 2010). The splenium undergoes a greater increase in size due to myelination with 
age than the genu, as the genu contains more unmyelinated fibers (Aboitiz et al., 1992; 
Brouwer et al., 2012; Giedd, Blumenthal, Jeffries, Rajapakse, et al., 1999). Snook and 
colleagues (2005) noted a greater slope of increasing FA with age in the anterior CC than 
the posterior CC between ages 8-12, and Lebel et al. (Lebel et al., 2010) also observed a 
similarly steep slope of increasing FA in the genu. These findings suggest that the time 
from ages 8-12 may represent a critical period of development for the genu.  
  
Development of Cognitive Functions 
 In parallel with grey matter changes and reorganization of connectivity between 
regions, several cognitive skills emerge between ages 9-12. Research suggests that 
cognition matures concurrently with the elimination of synapses (Andersen, 2003; 
Huttenlocher & Dabholkar, 1997; Shaw et al., 2008; Tamnes et al., 2011). In a study 
examining reaction time in the assessment of emotionally-related information, McGivern 
et al. (2002) observed a 10-20% increase in reaction time in boys ages 11-12 followed by 
a slow decline to plateau from ages 12-15. This decline in performance is thought to be 
due to a low signal-to-noise ratio caused by the overproduction and increased density of 
synapses in the frontal cortex (Blakemore & Choudhury, 2006; McGivern et al., 2002).  
As synaptic pruning occurs and interference from excess synapses decreases, 
performance improves. General intelligence is also associated with course of cortical 
thickness changes in development (Brouwer et al., 2014; Burgaleta, Johnson, Waber, 
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Colom, & Karama, 2014; Lange, Froimowitz, Bigler, Lainhart, & Brain Development 
Cooperative, 2010; Schnack et al., 2014; Shaw et al., 2006; Tamnes et al., 2011; Tamnes 
et al., 2010). Using a longitudinal design, Shaw and colleagues (2006) found that children 
with the highest intelligence showed a rapid increase in cortical thickness that peaked at 
age 11 followed by a rapid rate of cortical thinning in the prefrontal cortex (PFC). In 
2014 Schnack et al. reported similar findings, suggesting that, although the PFC 
continues to develop beyond age 20, a larger increase in cortical thickness peaking at this 
early age allows for a greater period of time for synaptic pruning and optimization.  
Developmental changes in the white matter, including myelination and enhanced 
regional connectivity, also play a role in the development of cognition and behavior 
(Barnea-Goraly et al., 2005; Fields, 2008; Spencer-Smith & Anderson, 2009; K. Wu et 
al., 2013). For example, Liston and colleagues (2006) found that frontostriatal 
connectivity was correlated with faster reaction time and improved decision-making on a 
go/no-go task. Tamnes et al. (2010) showed accelerated maturation of white matter 
microstructure and earlier connectivity in those with higher verbal intelligence. Although 
cognitive abilities are more highly correlated with grey matter structure, it is also 
dependent on efficient transfer of signals through the white matter and interactions 
between brain regions (Deary, Penke, & Johnson, 2010; Lange et al., 2010; Tamnes et al., 
2011; K. Wu et al., 2013). 
Executive functions are higher-order cognitive functions essential for the 
completion of purposeful, goal-directed activities (V. Anderson, Catroppa, Morse, 
Haritou, & Rosenfeld, 2009; Strauss, Sherman, Spreen, & Spreen, 2006). Attentional 
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control skills are the earliest to develop, as these are necessary for the successful 
performance of other components of executive functioning (V. Anderson, Spencer-Smith, 
et al., 2010; Klenberg, Korkman, & Lahti-Nuuttila, 2001; Spencer-Smith & Anderson, 
2009). Aspects of attentional control, including selective attention, inhibition, self-
monitor, and self-regulation, undergo rapid development between ages 8-12 (Klenberg et 
al., 2001; Spencer-Smith & Anderson, 2009). Other executive functions, such 
organization of behavior, planning, goal setting, and strategic thinking, mature through 
adolescence into young adult hood, in parallel with synaptic pruning in the late-maturing 
dorsolateral prefrontal cortex (DLPFC; V. Anderson, Spencer-Smith, et al., 2010; Kaller 
et al., 2012).  
 
Critical Periods of Neurodevelopment and Windows of Vulnerability  
Interactions between neurodevelopment and experience-dependent plasticity can 
result in periods during which environmental influence can have a greater impact on 
brain structure and function (Andersen, 2003; Bailey, Zatorre, & Penhune, 2014). 
Appropriate stimuli is necessary during a critical period for normal development of a 
given brain region and/or skill to occur, while abnormal stimuli may disrupt normal 
developmental processes (Andersen, 2003). Evidence for windows of vulnerability can be 
found in studies of early acquisition of specialized skills and experience of emotionally 
traumatic events occurring during childhood. Onset of music training before age 7 has 
been associated with an enlarged anterior CC (Schlaug, Jancke, Huang, Staiger, & 
Steinmetz, 1995), altered white matter plasticity  (Imfeld, Oechslin, Meyer, Loenneker, & 
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Jancke, 2009; Steele, Bailey, Zatorre, & Penhune, 2013), and increased surface area in 
the ventral premotor cortex (Bailey et al., 2014).  Similarly, a study of ballet dancers 
found that the age they started dancing was negatively correlated with volume of the right 
premotor cortex, the internal capsule, and the CC (Hanggi, Koeneke, Bezzola, & Jancke, 
2010). Andersen and colleagues (2008) investigated the relationship between emotionally 
traumatic events experienced during childhood and later-life brain structure and found 
that females exposed to physical or sexual abuse during region-specific critical periods in 
childhood had altered brain structure compared to control subjects. For example, those 
exposed to abuse from ages 9-10 had reduced CC area while those exposed from ages 11-
13 had reduced hippocampal volume. Furthermore, Hanson et al. (2015) observed 
decreased amygdalar and hippocampal volumes in children exposed to high stress 
exposure from neglect, physical abuse, or low socioeconomic status in childhood. These 
studies demonstrate that experiences occurring during regionally-specific periods of brain 
development may permanently alter the structure of the respective region. 
Critical periods of neurodevelopment may represent windows of vulnerability to 
the detrimental effects of TBI (V. Anderson, Spencer-Smith, et al., 2011). Though the 
pathophysiology of concussion is similar in adults and children (Shrey et al., 2011), 
synaptic development, changes in regional connectivity, increased myelination rates, and 
other neurodevelopmental processes occurring between ages 9-12 may lessen the young 
brain’s ability to cope with neuropathological effects of TBI during that window of time 
(Andersen & Teicher, 2008; Shrey et al., 2011; Spencer-Smith & Anderson, 2009; Wilde, 
Merkley, et al., 2012). Changes in activation of brain regions and networks following 
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TBI can have detrimental effects on plasticity and the synaptic production and 
elimination processes, moving developmental trajectories off of their normal path (Shrey 
et al., 2011; Wilde, Hunter, & Bigler, 2012). Diffuse axonal injury, a common 
consequence of TBI (Bazarian et al., 2007; Ljungqvist et al., 2011; Shenton et al., 2012; 
Smith, Meaney, & Shull, 2003; J. Y. Wang et al., 2008), could disrupt the myelination of 
axons in the developing brain leading to downstream effects, including reduced 
conduction speed with associated loss of signal over time and longer refractory periods 
during which another signal cannot be produced (Spencer-Smith & Anderson, 2009). 
Vulnerability of oligodendrocytes, the myelinating glial cells of the CNS, may also be 
increased during stages of rapid myelination (Back et al., 2002). Following axonal 
damage, Wallerian degeneration, or degeneration of the axon distal to the site of injury, 
may begin within one week and can continue for months to years (Nolte, 2009; Yeh, 
Oakes, & Riedy, 2012). Several neurobiological processes inhibit regrowth following this 
degeneration, including but not limited to, a lack of trophic factors released from glial 
cells, the formation of glial scars, growth-inhibiting molecules released from myelin and 
oligodendrocytes, and an increase in extracellular matrix molecules released from 
astrocytes (Giza & Prins, 2006; Nolte, 2009). What's more, several of these processes 
also occur the end of critical periods of neurodevelopment, suggesting that these 
consequences of axonal injury in TBI may lead to disruption or early termination of 
critical periods in childhood (Lenroot & Giedd, 2011; Nolte, 2009).  
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Critical Periods of Neurodevelopment and the Dynamic Influence of Environment and 
Genetics  
Neurodevelopmental processes are influenced by a combination of genetic and 
environmental factors. However, the degree of influence of these factors on certain 
aspects of brain development are age-dependent (Brouwer et al., 2012; Brouwer et al., 
2014; Lenroot et al., 2009; Schmitt et al., 2014). Greater variance in cortical thickness in 
younger children is accounted for by environmental influence, which decreases through 
late childhood (Brouwer et al., 2014; Schmitt et al., 2014). Environmental influence 
reaches a plateau around age 12, and genetic influence then becomes the principal factor 
explaining the variance in cortical thickness (Brouwer et al., 2014; Lenroot et al., 2009; 
Schmitt et al., 2014). Frontal regions, including the DLPFC, and temporal regions show 
the most dramatic changes along this developmental pattern (Lenroot & Giedd, 2008, 
2011; Lenroot et al., 2009; Schmitt et al., 2014). Based on the strong relationship 
between cortical thickness and intelligence described earlier, it is not surprising that the 
development of intelligence is also influenced more strongly by environmental factors in 
childhood and genetic factors in adolescence (Brouwer et al., 2014; Lenroot & Giedd, 
2011; Lenroot et al., 2009). Environmental factors impact primarily verbal IQ in 
childhood (Brouwer et al., 2012; Lange et al., 2010). Greater environmental influence on 
the young brain may contribute to a window of vulnerability prior to age 12 during which 
brain trauma as an environmental factor may have a more profound impact on the 
developing brain.     
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Windows of Vulnerability, Cognitive Development, and Growing into Deficits 
Reflecting the concurrent rapid development of the structures subserving them 
(Ewing-Cobbs et al., 2008), cognitive skills that are emerging or not well-established at 
the time of injury are most likely to be impaired with TBI, while skills already developed 
are generally spared (V. Anderson, Catroppa, et al., 2009; V. Anderson, Spencer-Smith, 
et al., 2010; Brenner et al., 2007; Shrey et al., 2011). The skills acquired during this time 
are critical for proper development of more complex skills later in development (Brenner 
et al., 2007; Crowe, Catroppa, Babl, Rosenfeld, & Anderson, 2012). Injury occurring 
during this critical time may not only disrupt current developmental processes but also 
alter the path of future brain maturation and, therefore, the development of later-emerging 
skills (V. Anderson, Catroppa, et al., 2009; Crowe et al., 2012). Furthermore, this 
disruption may negatively impact the child’s ability to learn and interact with the 
environment, potentially leading to diminished knowledge acquisition and impaired 
social development (V. Anderson, Godfrey, Rosenfeld, & Catroppa, 2012; Crowe et al., 
2012; Mannings, Kalynych, Joseph, Smotherman, & Kraemer, 2014) 
Due to prolonged maturation of some brain regions and structures through late 
adolescence and early adulthood, functional deficits resulting from early injury may not 
present until years later (Snoek, Minderhoud, & Wilmink, 1984). For instance, the PFC 
continues to develop into the early 20s (Kaller et al., 2012). As a result, injury to the PFC 
in childhood may not be apparent until higher order cognitive functions associated with 
this region fail to fully mature (Andersen & Teicher, 2008; V. Anderson, Spencer-Smith, 
et al., 2011). Children may appear to completely recover functionally following TBI as a 
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result of compensatory strategies while underlying neuronal recovery has not occurred 
(V. Anderson, Spencer-Smith, et al., 2011; Shrey et al., 2011). A lack of ability to adapt 
to increasing educational and social demands with age may reveal underlying dysfunction 
(V. Anderson, Spencer-Smith, et al., 2011; Shrey et al., 2011). Furthermore, although a 
child may appear to return to pre-injury baseline levels following TBI, they may still lag 
behind their peers who have gained function beyond the baseline level with further 
development (Giza & Prins, 2006). Thus, TBI experienced during childhood may have 
long-lasting, or even permanent, consequences that may not become apparent until the 
child “grows into the deficits.”   
 
Research Supporting Age-Related Vulnerability to TBI 
Though most studies have investigated more severe TBI over a large age range, 
from infancy to beyond age 18, there is ample evidence in the literature to support an 
age-related susceptibility to poor outcomes following TBI. Several studies comparing 
adolescent athletes to adults suggest that the younger athletes may show prolonged 
symptom resolution (Field et al., 2003; Zuckerman et al., 2012) and persistent 
impairments in working memory (Baillargeon et al., 2012), verbal and visual memory 
(Field et al., 2003; Zuckerman et al., 2012), and reaction time (Zuckerman et al., 2012). 
Other research has noted impaired social and behavioral skills six months following 
childhood TBI (Catroppa et al., 2015). Anderson and colleagues (2012) studied children 
who sustained mild, moderate, or severe traumatic brain injuries at ages 2-12 ten years 
following the injury. They detected increased frequency of impairment in executive 
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functioning and social skills compared to a normally-developing population regardless of 
injury severity. Furthermore, in a case study of an 8 year old female who incurred a 
concussion playing soccer (Boutin, Lassonde, Robert, Vanassing, & Ellemberg, 2008), 
electrophysiological recordings indicated cortical impairments affecting vigilance and 
attention one year post-injury. Intellectual abilities may also be impaired following TBI 
during childhood (V. Anderson, Catroppa, Godfrey, & Rosenfeld, 2012; V. Anderson, 
Catroppa, et al., 2009; Crowe et al., 2012). In a study by Crowe et al. (2012), those 
injured during middle childhood, from ages 7-9, showed the worst performance on 
measures of intelligence two years following the injury. Collectively, these studies 
support the notion that children are selectively vulnerable to lasting adverse 
consequences following TBI.   
 
Neuroimaging Studies Supporting Age-Related Vulnerability to TBI 
 Neuroimaging studies conducted months to years following childhood TBI have 
revealed a range of abnormalities compared to uninjured control subjects. Beauchamp 
and coauthors (2011) detected increased volumes of cerebrospinal fluid and smaller 
hippocampal volumes ten years following childhood TBI. Additionally, Wilde et al. 
(2012) observed cortical thinning in the DLPFC and temporal regions from three to 
eighteen months post-TBI in children. Lasting volume loss has also been described in the 
amygdala, thalamus, periventricular white matter, and whole brain, providing evidence 
for neurodegenerative changes resulting from TBI to the developing brain (Keightley et 
al., 2014). 
  
17
Persistent alterations in white matter have been described in several white matter 
tracts following TBI (C. P. Johnson et al., 2011; V. E. Johnson, Stewart, Begbie, et al., 
2013; Keightley et al., 2014; Yuan et al., 2007). The corpus callosum is particularly 
susceptible to damage in both adults and children, with rotational acceleration from head 
impacts causing the greatest shear strain (Adams & Bruton, 1989; V. E. Johnson, Stewart, 
Begbie, et al., 2013; Keightley et al., 2014; McAllister et al., 2012; Povlishock, 1992; 
Povlishock, Erb, & Astruc, 1992; Yeh et al., 2012). Ewing-Cobb et al. (2008) noted 
increased CC area with age in normally-developing children but not in children who 
suffered a TBI. Furthermore, age-related changes in white matter microstructure 
associated with normal development were not observed in children with TBI even months 
to years following the injury. Similarly, Wu and colleagues (2010) described decreased 
CC volume from 3-18 months after pediatric TBI, indicating that injured children did not 
show normal development-related increases in volume. A detailed review of literature 
describing CC changes following TBI can be found in chapter four.   
 
History of Previous Concussion in Children and Adolescents 
Having a previous history of mild TBI (mTBI) has been identified as a risk factor 
for increased symptomology and prolonged recovery following a new mTBI in child and 
adolescent athletes. Shatz et al. (2011) and Brooks et al. (2013) both showed that those 
with a history of 2 or more concussions reported more symptoms following an acute 
concussion than those with a history of one or zero previous concussions. Another study 
found that a history of concussion was predictive of the duration of symptoms 
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(Eisenberg, Andrea, Meehan, & Mannix, 2013). Those with no history of concussion 
returned to baseline in an average of 12 days, while the average number of days to return 
to baseline for those with a history of one or multiple previous concussions was 24 and 
28 days, respectively. Furthermore subjects who had suffered a concussion within the 
same year did not return to baseline until an average of 35 days following the latest 
injury, supporting that recency of previous concussion may also contribute to prolonged 
recovery. 
 The lasting effects of previous concussions have also been demonstrated through 
cognitive testing and neuroimaging. In two studies, Moser and colleagues (2002; 2005) 
found that athletes with a history of two or more concussions but who reported no current 
symptoms at the time of the study performed similarly on cognitive testing to athletes 
who had sustained a concussion within the week prior to testing. This finding was 
particularly evident in measures of attention and cognitive flexibility. In the 2005 study, 
Moser and associates also noted that high school athletes with a history of two previous 
concussions had a significantly reduced grade point average. Increasing demands and 
task complexity may reveal more subtle dysfunction in those with a concussion history. 
Sinopoli (2014) observed formerly concussed hockey athletes ages 9-15 showed no 
impairments on single-task testing, but response speed and neural activation differences 
were evident with a dual-task paradigm. Using functional magnetic resonance imaging 
(fMRI), they showed altered activation patterns of regions involved in working memory, 
strategic planning, and encoding of complex visual information in order to achieve 
similar accuracy to control subjects, suggesting decreased cognitive efficiency. Taken 
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together, these studies suggest that the young brain may be particularly vulnerable to 
repeated concussive injury. However, the effects of repeated subconcussive injury on the 
developing brain has yet to be elucidated. 
 
Sport-Related Mild Traumatic Brain Injury Research in Children 
Contrary to earlier beliefs (G. E. Schneider, 1979), current evidence suggests that 
children are more susceptible to prolonged recovery and poor outcomes following TBI 
than adults (V. Anderson, Godfrey, et al., 2012; V. Anderson, Spencer-Smith, et al., 
2011; Baillargeon et al., 2012; Field et al., 2003; Guskiewicz & Valovich McLeod, 2011; 
Zuckerman et al., 2012). However, a considerable gap exists in the literature regarding 
outcomes following childhood mTBI. Many studies evaluate complicated mild, moderate, 
or severe TBI, as identified by the Glasgow Coma Score and presence of pathology on 
neuroimaging (Babikian et al., 2005; Babikian et al., 2010; Brenner et al., 2007; Cazalis 
et al., 2011; Ewing-Cobbs et al., 2008; Hessen, Nestvold, & Anderson, 2007; Levin et al., 
2008; Levin et al., 2011; McCauley et al., 2011; Merkley et al., 2008; Oni et al., 2010; 
Treble et al., 2013; Wilde, Ayoub, et al., 2012; Wilde et al., 2007; Wilde et al., 2006; 
Wilde, Merkley, et al., 2012; Wilde et al., 2011; Wilde et al., 2010; T. C. Wu et al., 
2010). Additional studies include uncomplicated mTBI patients with moderate and/or 
severe TBI patients recruited through emergency room visits or hospital admissions, with 
the most common mechanisms of injury being motor vehicle accidents, falls, or bicycle 
accidents (V. Anderson, Brown, Newitt, & Hoile, 2009, 2011; V. Anderson, Catroppa, et 
al., 2012; V. Anderson, Catroppa, Morse, Haritou, & Rosenfeld, 2000, 2005; V. 
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Anderson, Catroppa, et al., 2009; V. Anderson, Godfrey, et al., 2012; V. Anderson, 
Jacobs, et al., 2010; V. Anderson, Spencer-Smith, et al., 2010; V. Anderson, Spencer-
Smith, et al., 2009; V. A. Anderson, Catroppa, Rosenfeld, Haritou, & Morse, 2000; 
Beauchamp et al., 2011; Blume et al., 2012; Catroppa, Anderson, Morse, Haritou, & 
Rosenfeld, 2008; Catroppa et al., 2015; Catroppa, Godfrey, Rosenfeld, Hearps, & 
Anderson, 2012; Crowe et al., 2012; Jaffe, Polissar, Fay, & Liao, 1995; Jonsson, 
Catroppa, Godfrey, Smedler, & Anderson, 2013; Levin et al., 2000; Max et al., 2011; 
Max et al., 2012; Pickering, Grundy, Clarke, & Townend, 2012; Wozniak et al., 2007; 
Yuan et al., 2007).  Due to the nature of TBI experienced in these studies, the findings 
may not apply to sport-related mTBI. Furthermore, studies comparing moderate or severe 
TBI to uncomplicated mTBI may make light of the potential negative outcomes resulting 
from these injuries.  Although those with mTBI may have better outcomes than those 
with more severe TBI (V. Anderson et al., 2005; V. Anderson, Jacobs, et al., 2010; V. 
Anderson, Spencer-Smith, et al., 2009; Catroppa et al., 2008), subtle impairments may 
exist with comparison to pre-injury status or age-matched healthy control subjects. 
Further complicating the study of mTBI during childhood is the varying age 
ranges associated with the terms “pediatric,” “childhood,” and “youth.” While these 
terms may encompass young individuals through age 18 or older in the clinical setting, 
there is a lack of continuity in the use of the terms in research. Numerous studies using 
these terms in the title have wide age ranges spanning over from as young as infants to as 
old as age 18 at the time of injury (Ayr, Yeates, Taylor, & Browne, 2009; Babikian, 
McArthur, & Asarnow, 2013; Baillargeon et al., 2012; Barlow et al., 2010; Brooks, 
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Khan, Daya, Mikrogianakis, & Barlow, 2014; Connery, Baker, Kirk, & Kirkwood, 2014; 
Eisenberg et al., 2013; Mannix, Eisenberg, Berry, Meehan, & Hayes, 2014; Pieper & 
Garvan, 2014; Sinopoli et al., 2014; Yang et al., 2012; Yeates et al., 2009; Zonfrillo et al., 
2014). The youngest participants in some studies referring to “youth” athletes in the title 
are 13-14 years old (Kontos, Dolese, Elbin, Covassin, & Warren, 2011; Moser & Schatz, 
2002). An enormous amount of development occurs from infancy through adolescence, 
including particularly rapid changes occurring around puberty (Blakemore, Burnett, & 
Dahl, 2010; Brouwer et al., 2012; Brouwer et al., 2014; McGivern et al., 2002). As 
outcomes following TBI may differ based on the stage of development during which the 
injury occurs, such a wide age range may limit the knowledge that can be gained and the 
generalizability of some studies.  
 While research investigating sport-related concussion in high school and college 
athletes has grown in recent years, comparable studies examining youth athletes prior to 
high school are limited. This is particularly concerning considering that the incidence of 
concussion may be higher for youth athletes than for their high school and college 
counterparts. Kontos and colleagues (2013) examine the incidence of concussions in 8-12 
year old football players and observed that the overall incidence is slightly higher and 
game incidence is approximately two to three times higher for youth players than for high 
school or college level players (Gessel, Fields, Collins, Dick, & Comstock, 2007; 
Hootman, Dick, & Agel, 2007; Lincoln et al., 2011; Marar, McIlvain, Fields, & 
Comstock, 2012). Likewise, O’Kane et al. (2014) reported a higher concussion incidence 
rate in female youth soccer players compared to reported rates in older players.  
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 The developmental factors increasing risk for poor outcomes following 
concussion in children also may also increase risk for children sustaining a concussion 
(V. Anderson, Spencer-Smith, et al., 2011; Bittigau, Sifringer, Felderhoff-Mueser, & 
Ikonomidou, 2004; Karlin, 2011; Keightley et al., 2014; Meehan, Taylor, & Proctor, 
2011). Additional characteristics of the immature head and neck may increase this risk, 
including thinner frontal and temporal bones and a larger subarachnoid space in which 
the brain can move (V. Anderson, Spencer-Smith, et al., 2011; Karlin, 2011). Increased 
water content in the young brain may facilitate transmission of forces to deep brain 
structures (Bittigau et al., 2004). A larger head-to-body ratio combined with a lack of 
development of shoulder and neck musculature may also predispose youth athletes to 
concussive injury (Karlin, 2011; Keightley et al., 2014; Ommaya, Goldsmith, & Thibault, 
2002). Animal studies have shown that restricting head and neck movement during 
exposure to head trauma can reduce the resultant pathology (Goldstein et al., 2012; 
Ommaya et al., 2002). It is thought that the weaker neck muscles of children are unable 
to dissipate forces from the head to the rest of the body as efficiently as the more 
developed musculature of older athletes, resulting in greater forces transmitted to the 
head (Buzzini & Guskiewicz, 2006; Karlin, 2011). Given the increased risk for sustaining 
a concussion combined with the greater potential for prolonged recovery and poor 
outcomes, more research examining sport-related concussion in pre-adolescent athletes is 
critically needed.  
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Consequences of Repeated Head Impacts  
 Recent evidence has revealed that incurring RHI is not without consequences, 
regardless of whether or not the hits result in concussion symptoms. Several studies have 
shown altered neuroimaging findings in contact sport athletes who did not experience a 
concussion following a single season of play.  Diffusion tensor imaging (DTI) is an 
advanced magnetic resonance imaging (MRI) technique that measures the magnitude and 
direction of the water molecule movement in order to provide information about the 
brain’s white matter microstructure (Pierpaoli, Jezzard, Basser, Barnett, & Di Chiro, 
1996).  DTI will be described in greater detail in chapters three and four. Multiple studies 
(Bazarian, Zhu, Blyth, Borrino, & Zhong, 2012; Davenport et al., 2014) have used DTI in 
high school football and hockey players and found significantly greater change in white 
matter diffusivity from preseason to postseason, suggesting that subconcussive brain 
trauma may cause microstructural changes in the white matter. Similarly, Koerte and 
colleges (2012) observed white matter alterations postseason compared to preseason 
using DTI on college hockey players. In 2014, Bazarian and colleagues conducted a 
similar study using DTI preseason and postseason on college football players. They 
observed decreased fractional anisotropy (FA) and increased mean diffusivity (MD) 
postseason compared to preseason, suggesting reduced integrity of white matter structure 
following one season of incurring repeated head impacts. They also scanned each 
participant 6 months after the end of the season and found that the reduced FA and 
increased MD persisted through that time point. This finding is particularly striking, as it 
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indicates that changes in brain microstructure resulting from subconcussive brain trauma 
may persist well after the RHI ceases.  
 Other studies have used additional MRI techniques to study the effects of RHI 
over one season. In a study of high school football players, magnetic resonance 
spectroscopy revealed significant biochemical changes following one season of play 
(Poole et al., 2014). Weissberg and colleagues described pathology of the blood brain 
barrier in 40% of Israeli football players that was not correlated with concussion, 
suggesting RHI may disrupt the blood brain barrier (Weissberg et al., 2014). fMRI has 
been used in several studies of high school football players. Both Talavage et al. (2014) 
and Breedlove et al. (2012) reported altered neurophysiology in the DLPFC postseason 
compared to preseason in high school football players who did not experience a 
concussion during the season. Research using fMRI to assess functional connectivity in 
rugby players demonstrated connectivity changes in multiple brain regions from pregame 
to postgame (B. Johnson, Neuberger, Gay, Hallett, & Slobounov, 2014).  Furthermore, 
connectivity was decreased in rugby players with a concussion history, while, conversely, 
connectivity increased in those without a history of concussion. Abbas and colleagues 
(2014) used resting state fMRI in high school football players to examine the default 
mode network changes due to RHI. The football players showed hyperconnectivity in the 
default mode network compared to their preseason baseline measures. Of particular 
interest is that football players in this study also showed differing connectivity compared 
to controls at the preseason baseline scan. This suggests that prior years of RHI through 
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football play may give rise to changes in the brain that both accumulate and persist over 
time.  
 
RHI in Youth Athletes 
Few studies have investigated the effects of incurring RHI in youth sports. Janda, 
Bir, and Cheney (2002) studied 57 youth soccer players ages 10-13 to investigate the 
effects of repeated heading on cognitive function and concussion symptoms.  In the first 
year of the study, the average player headed the ball 186 times in approximately 60 
games and practices comprising three seasons in one year, while one player headed the 
ball 450 times over the year. 18 subjects, including 10 from the previous year, 
participated in the second year of the study and recorded an average of 130 and 
maximum of 344 headers over the three seasons. Nearly half of the participants in the 
first year of the study reported having headaches after heading the ball.  Additionally, the 
authors detected a weak inverse association between the number of ball impacts and 
verbal learning in the second year of the study. These results may suggest that sustaining 
RHI from heading the ball in soccer could result in subtle functional deficits in children. 
In a pilot study, Munce and colleagues (2014) conducted preseason and 
postseason neuropsychological testing on ten 7th and 8th grade football players. In 
contrast to the findings of Janda et al. (2002), the authors of this study did not observe 
any significant impairment in cognitive functions or postural stability postseason 
compared to preseason. In fact, they observed improvements in reaction time and 
oculomotor performance over the 13 weeks between testing. However, these results 
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should be interpreted with caution. The improved reaction time and oculomotor 
performance may be due, in part, to sport-related training and/or normal developmental 
gains over that time. Unfortunately this pilot study did not include a control group, which 
would ideally have consisted of youth non-contact sport athletes. Without a control group 
it is not possible to know whether or not these athletes improved to the level of their age-
matched, normally-developing peers. This is also true for the other cognitive measures. It 
is possible that, though the football players were not impaired on these measures, they 
may not have gained function at the rate of their peers over the 13 weeks. Furthermore, as 
described earlier in this chapter with childhood TBI, it is possible that deficits resulting 
from RHI may not present until years following the exposure to RHI due to the normal 
trajectory of cognitive development. Finally, the measures used in this study, which 
included the computerized Immediate Post-Concussion Assessment and Cognitive 
Testing battery, better known as ImPACT testing, may not have been sensitive enough to 
detect subtle effects from incurring RHI over one season. Undoubtedly, more research is 
needed to understand both the short- and long-term effects of exposure to RHI during 
youth.  
 
Later-Life Cognitive and Mood Disturbance  
Exposure to repeated head impacts through can also lead to later-life 
consequences.  Cognitive impairment and executive dysfunction (Ford, Giovanello, & 
Guskiewicz, 2013; Guskiewicz et al., 2005; Hampshire, Macdonald, & Owen, 2013; 
Seichepine et al., 2013) as well as depression, have been frequently reported in former 
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NFL players (Didehbani, Munro Cullum, Mansinghani, Conover, & Hart, 2013; 
Guskiewicz, Marshall, et al., 2007; Hart et al., 2013; Kerr et al., 2012).  Koerte and 
colleagues (2012) used DTI on elite level soccer players with no history of concussion 
and found significantly altered white matter architecture, possibly indicating 
demyelination, in the soccer players compared to a control group of swimmers. 
Hampshire et al. (2013) reported altered connectivity in former professional football 
players. Hyperactivity was detected in the DLPFC, while hypoactivity was observed in 
the frontoparietal network. Moreover, frontal regions not activated by controls during 
complex tasks were recruited by the former NFL players, providing evidence for the use 
of compensatory strategies with increased task difficulty.  
 
Chronic Traumatic Encephalopathy 
 Perhaps the most troubling later-life consequence of subconcussive brain injury, 
CTE has been diagnosed through postmortem examination in a variety of individuals 
exposed to RHI, including military veterans (Goldstein et al., 2012; B. Omalu, Hammers, 
et al., 2011) and football, hockey, rugby, and soccer players (McKee et al., 2009; McKee 
et al., 2013; Stein, Alvarez, & McKee, 2014). RHI is necessary for the development of 
CTE, but it is not sufficient, as many individuals with such exposure do not develop the 
disease (Baugh et al., 2012; McKee et al., 2013). Though it is unclear whether or not 
incurring RHI during childhood is a risk factor for CTE, it is notable that disease has 
been diagnosed in several individuals in their late teens and early 20s, including a 17 year 
old football player (McKee et al., 2013). Current research is being conducted to 
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investigate other possible risk factors, including genetic factors, age of first exposure to 
RHI, and total overall exposure to RHI, that may predispose an individual to develop 
CTE.  
 Currently this progressive tauopathy can only be diagnosed by postmortem 
neuropathological analysis (McKee, Daneshvar, Alvarez, & Stein, 2014; McKee et al., 
2013; Montenigro et al., 2014; Stein et al., 2014; R. A. Stern et al., 2013).  The 
neuropathological progression of CTE has been well-described (Corsellis, Bruton, & 
Freeman-Browne, 1973; Martland, 1928; McKee et al., 2009; McKee et al., 2014; McKee 
et al., 2013; Millspaugh, 1937; B. Omalu, Bailes, et al., 2011; B. I. Omalu et al., 2005; B. 
I. Omalu, Fitzsimmons, Hammers, & Bailes, 2010; Stein et al., 2014). Early 
hyperphosphorylated tau (p-tau) deposition begins perivascularly and at the depths of the 
sulci in the frontal cortices, including the DLPFC and inferior frontal regions. With 
disease progression, p-tau spreads throughout the frontal, temporal, and parietal cortices. 
P-tau deposition is prominent medial temporal lobe structures, including the amygdala, 
hippocampus, and entorhinal cortex. Two midbrain structures, the locus coeruleus and 
substantia nigra, are also frequently affected even early in the disease. Gross features of 
CTE include atrophy of the frontal and temporal lobes, medial temporal structures, and 
mammillary bodies; dilation of the lateral and third ventricles; reduced brain weight; and 
pallor of the locus coeruleus and substantia nigra. A detailed description of the 
neuropathological features and progression of CTE can be found in Chapter Five.  
Symptomatically, CTE is characterized by difficulties with cognition (e.g. 
executive dysfunction, difficulty with memory), behavior (e.g. impulsivity, physical 
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violence), and mood (e.g. depression, anxiety; Montenigro et al., 2014; R. A. Stern et al., 
2013). These symptoms generally begin years after the exposure to RHI ceased (McKee 
et al., 2013; Montenigro et al., 2014; R. A. Stern et al., 2013). There appears to be two 
clinical presentations of CTE: one in which mood and behavior symptoms are the initial 
presenting symptoms and one in which the first symptoms to present are cognitive in 
nature (R. A. Stern et al., 2013). Symptom onset occurs at a younger age in those with a 
behavior/mood onset, and symptoms include explosivity, lack of impulse control, 
physical and verbal abuse, irritability, aggression, disinhibition, and suicidality. Cognitive 
symptoms have an average onset of age 58 and include memory difficulty with memory, 
attention, and concentration and executive dysfunction (Montenigro et al., 2014; R. A. 
Stern et al., 2013). Those with an initial onset of cognitive symptoms are more likely to 
go on to develop dementia (R. A. Stern et al., 2013). Motor symptoms, including 
parkinsonism and gait disturbance, are observed in some cases of CTE (Montenigro et al., 
2014; R. A. Stern et al., 2013). 
 CTE is neuropathologically distinct from other neurodegenerative diseases, such 
as Alzheimer’s disease or frontotemporal lobar dementia (McKee et al., 2009; McKee et 
al., 2014; McKee et al., 2013). However, at this time it is not possible to distinguish CTE 
from these other diseases clinically and diagnose it during life (Baugh et al., 2012; 
McKee et al., 2013; Mez, Stern, & McKee, 2013; Montenigro et al., 2014; R. A. Stern et 
al., 2013). Research diagnostic criteria have been proposed (Montenigro et al., 2014), and 
research validating these criteria is currently underway. The discovery of sensitive and 
specific biomarkers will likely play a key role in diagnosing CTE, as they have in 
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Alzheimer’s disease and other diseases (Budson & Solomon, 2012; Cerami, Scarpini, 
Cappa, & Galimberti, 2012; De Meyer et al., 2010). These biomarkers may include 
cerebrospinal fluid markers and neuroimaging methods, such as positron emission 
tomography with a ligand that selectively binds to p-tau. White matter integrity, as 
observed through the DTI methods used in this dissertation, may represent a biomarker 
for CTE that could be used, in combination with other biomarkers, to diagnose CTE in 
the future. In vivo diagnosis is the next critical step in CTE research, as this is essential in 
order to be able investigate treatment and prevention, improve knowledge of the disease 
onset and progression, examine other risk factors, and understand the disease prevalence. 
 
Summary and Introduction to the Following Chapters 
 Although it was previously believed that children and adolescents were capable of 
better recovery following TBI (G. E. Schneider, 1979), recent research has revealed that 
the young brain is both more vulnerable to sustaining a TBI and having poor outcomes 
following TBI (V. Anderson, Spencer-Smith, et al., 2011; Baillargeon et al., 2012; Boutin 
et al., 2008; Field et al., 2003; Guskiewicz & Valovich McLeod, 2011; Shrey et al., 2011; 
Zuckerman et al., 2012). Recent research has also shown that RHI in the absence of 
concussion can lead to later-life impairments in cognition, behavior, and mood 
(Didehbani et al., 2013; Ford et al., 2013; Guskiewicz et al., 2005; Guskiewicz, Marshall, 
et al., 2007; Hampshire et al., 2013; Hart et al., 2013; Kerr et al., 2012; Seichepine et al., 
2013) as well as the neurodegenerative disease CTE (McKee et al., 2013; R. A. Stern et 
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al., 2013). However, the later-life consequences of RHI incurred during childhood has yet 
to be elucidated. 
 In preliminary work aimed at investigating the relationship between the AFE to 
RHI and later life mood, behavior, and cognition (Bourlas et al., 2014), our group studied 
92 male former football players ages 25-82 (mean = 52.4) with no history of participation 
in other contact sports. All participants came from the Longitudinal Examination to 
Gather Evidence of Neurodegenerative Disease, or LEGEND, study, which uses online 
questionnaires and telephone interviews to gather a variety of information, including 
athletic history, demographic information, concussion history, and self-report measures 
of mood, behavior, and cognition. Participants included former players whose highest 
level of play was the NFL, semi-professional, college, and high school. The former 
football players were divided into two groups based on the age they started playing tackle 
football. Three age cut-offs, ages 11, 12, and 13, were used, and age 12 was by far the 
best fit for the model (AFE <12 group n=40, AFE ≥12 group n=52). We found that those 
who started playing tackle football prior to age 12 scored significantly higher on self-
report measures of apathy and executive dysfunction, with particular deficits in executive 
aspects of behavior, inhibition, working memory, and planning and organization. A larger 
proportion of former football players in the AFE <12 group had clinically significant 
depression and executive dysfunction. Furthermore, those who began playing tackle 
football before age 12 had approximately three times greater odds of self-reporting 
clinically significant depression and executive dysfunction than those who began playing 
at age 12 or older. This data suggest that experiencing RHI thought tackle football during 
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a critical stage of neurodevelopment prior to age 12 may lead to later-life cognitive, 
mood, and behavioral consequences.  
 In the following three chapters we will expand upon this preliminary work and 
examine the relationship between the age of first exposure to tackle football and later-life 
functional and structural outcomes in former NFL players. Based on the aforementioned 
preliminary study, we divide the former players into two groups based on whether they 
began playing tackle football before age 12 or age 12 or later. In chapter two, we analyze 
performance on objective measures of executive functioning, memory, and premorbid 
estimated verbal IQ between AFE groups. In chapter three we use DTI to examine the 
structural integrity of the corpus callosum in each group of former football players as 
well as the interaction between exposure to tackle football prior to age 12 and normal 
aging. Finally, in chapter four, we combine neuropsychological testing data and advanced 
tractography of the corpus callosum to investigate the relationship between white matter 
structural integrity and cognition, mood, and behavior in those who began playing tackle 
football before age 12 and those who began playing at age 12 or later. In this chapter we 
will examine CC integrity in all former NFL players compared to former elite 
noncontact-sport athletes in order to better explain our AFE results and investigate a 
possible biomarker that could be used, in combination with other diagnostic tools, in the 
diagnosis of CTE. A summary of literature specific to each study will be presented at the 
beginning of each chapter. Furthermore, a detailed review of CTE will be presented in 
Chapter Five. We will conclude with a discussion of the findings from each study as well 
as future directions for this research.  
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CHAPTER TWO:  
AGE OF FIRST EXPOSURE TO FOOTBALL AND LATER-LIFE COGNITIVE 
IMPAIRMENT IN FORMER NFL PLAYERS 
 
Copyright © 2015, American Academy of Neurology 
 
INTRODUCTION 
 It was previously thought that greater plasticity in the developing brain would 
support better recovery following injury (G. E. Schneider, 1979). Recent evidence 
indicates that children and adolescents are more vulnerable than adults to poor outcomes 
and prolonged recovery from concussions (V. Anderson, Spencer-Smith, et al., 2011; 
Giza, Griesbach, & Hovda, 2005; Moser et al., 2005; Zuckerman et al., 2012). 
Furthermore, concussions in youth may negatively impact social development and 
educational success (V. Anderson, Catroppa, et al., 2009; V. Anderson, Spencer-Smith, et 
al., 2011; Moser et al., 2005). Recent research suggests subconcussive head impacts 
experienced in sports also have acute (Bazarian et al., 2014; I. K. Koerte, Kaufmann, et 
al., 2012; Talavage et al., 2014) and long-term (Guskiewicz et al., 2005; Guskiewicz, 
Marshall, et al., 2007; McKee et al., 2013; Seichepine et al., 2013; R. A. Stern et al., 
2013) neuroanatomical and functional consequences. Youth football players ages 9-12 
can incur an average of 240, and up to 585, head impacts per season at magnitudes that 
parallel those experienced by high school and collegiate football players (Cobb et al., 
2013; Daniel et al., 2012; Schnebel et al., 2007), several of which exceed 80g. With 
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millions of youth athletes including 4.8 million football players, participating in contact 
sports annually (Daniel et al., 2012; "Report on Trends and Participation in Organized 
Youth Sports," 2008), the long-term consequences of brain trauma in youth sports are a 
growing public health concern.  
The timing of key neurodevelopmental processes could contribute to windows of 
vulnerability to brain trauma.  A critical stage of brain development occurs between ages 
10-12 (Chugani et al., 1987; Epstein, 1999; Giedd, Blumenthal, Jeffries, Castellanos, et 
al., 1999; Lebel et al., 2008; Shaw et al., 2006; Uematsu et al., 2012). However, the long-
term consequences of repeated head impacts (RHI) incurred during this important 
neurodevelopmental period are unknown. To investigate the relationship between age of 
first exposure (AFE) to RHI through tackle football and later-life cognition, we evaluated 
two groups of former National Football League (NFL) players with the hypothesis that 
those who began playing football before age 12 would perform significantly worse on 
measures of executive function, memory, and premorbid estimated verbal IQ (eVIQ) than 
those who started playing at age 12 or older. 
 
METHODS 
  This research was part of Diagnosing and Evaluating Traumatic Encephalopathy 
using Clinical Tests (DETECT), an ongoing study aiming to develop methods for 
diagnosing the neurodegenerative disease, Chronic Traumatic Encephalopathy (CTE), 
during life. Participants undergo numerous tests, including neuroimaging, cerebrospinal 
fluid protein analysis, genetic testing, neurological and psychiatric evaluations, 
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neuropsychological testing, and a history interview. Only neuropsychological tests and 
exposure-related variables and demographic information from the history interview were 
used in this analysis. DETECT recruitment efforts began in November 2011 and included 
emails through distribution lists of the NFL Players Association, NFL Alumni 
Association, presentations at NFL alumni meetings, BU CTE Center website postings, 
and word of mouth. 
Participants 
DETECT participants include former NFL players and a control group of former 
elite non-contact sport athletes. Control subjects were not included in this analysis. 
Inclusion criteria for the former NFL players are: male, ages 40-69, played at least two 
years in the NFL and 12 years of organized football, and self-reported complaints of 
cognitive, behavioral, and mood symptoms for at least the last six months. Exclusion 
criteria included general MRI and lumbar puncture contraindications and history of any 
other diagnosed central nervous system disease. 
Head Impact Exposure Variables 
AFE to tackle football was treated as a dichotomous variable and used to divide 
subjects into two cohorts: before age 12 (AFE <12) and age 12 or older (AFE ≥12). Age 
12 was chosen as the cut-off based on neurodevelopmental literature (Chugani et al., 
1987; Epstein, 1999; Giedd, Blumenthal, Jeffries, Castellanos, et al., 1999; Lebel et al., 
2008; Shaw et al., 2006; Uematsu et al., 2012) and previous work from our center 
(Bourlas et al., 2014). The duration of football play (i.e. total number of years) differed 
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between AFE groups and was, therefore, used as a covariate and treated as a continuous 
variable. 
Outcome Measures 
 A focused set of neuropsychological outcome measures were selected from the 
DETECT test battery for this preliminary study to reduce the likelihood of type I error, 
based upon a priori hypotheses regarding primary functional areas expected to be 
impaired in CTE (Montenigro et al., 2014; R. A. Stern et al., 2013) and 
neurodevelopmental literature (Chugani et al., 1987; Epstein, 1999; Giedd, Blumenthal, 
Jeffries, Castellanos, et al., 1999; Lebel et al., 2008; Shaw et al., 2006; Uematsu et al., 
2012). Each test is described briefly here; detailed administration and interpretation 
guidelines are described by Strauss et al. (2006). 
Wisconsin Card Sort Test (WCST) 
The WCST is a widely-used measure of multiple aspects of executive function, 
including shifting cognitive set, response inhibition, perservation, and strategic planning 
(Strauss et al., 2006). A 128-card computerized form was used in this study (Heaton & 
Staff, 2003). WCST scores analyzed include percent errors (%E), percent perseverative 
responses (%PR), percent perseverative errors (%PE), percent non-perseverative errors 
(%NPE), and percent conceptual level responses (%CLR). 
Neuropsychological Assessment Battery List Learning (NAB-LL) 
The NAB-LL is a measure of verbal episodic memory sensitive to impairment in 
both neurodegenerative disease (Gavett et al., 2009) and traumatic brain injury 
(Zgaljardic & Temple, 2010). To evaluate different aspects of learning and memory, 
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three NAB-LL variables were used: Immediate Recall (IR), Short Delay Recall (SDR), 
and Long Delay Recall (LDR). 
Wide Range Achievement Test, 4th edition Reading Subtest (WRAT-4 Reading) 
The WRAT-4 (Wilkinson & Robertson, 2006) Reading subtest is a word 
pronunciation test commonly used to measure premorbid eVIQ (Strauss et al., 2006; 
Wilkinson & Robertson, 2006). 
Statistical Analysis 
Raw scores were converted to T-scores for all WCST and NAB-LL measures 
based on each test’s demographically-corrected normative data. WRAT-4 Reading raw 
scores were converted to age-corrected standard scores. Paired-sample t-tests were 
conducted for unadjusted between-group comparisons. A mixed-effects linear model was 
used to determine the adjusted effect of AFE to tackle football on all outcome measures. 
This model adjusted for duration of play and education as well as for correlations within 
the age-matched pairs, between outcomes from the same subject, and between outcomes 
of the same test for the WCST and NAB-LL to account for possible inflation of Type I 
error. To ensure internal validity and control further for Type I error at α=0.05, bootstrap 
analysis was conducted on 1000 replicates. All analyses were conducted using SAS 9.3.. 
 
Standard Protocol Approvals, Registrations, and Patient Consents 
All study procedures were approved by the Boston University Medical Center 
Institutional Review Board. Subjects provided written informed consent prior to 
participation. 
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RESULTS 
Demographic information and athletic history are described in Table 1. Seventy-
four former NFL players from DETECT were eligible for this analysis. Age differed 
significantly between groups when all subjects were divided by AFE to tackle football 
(AFE <12 Mean=50.4 years, SD=6.5; AFE ≥12 Mean=57.5 years, SD=7.7; p<0.001). To 
account for this, subjects were matched a priori by age such that, for each pair, one 
subject in the AFE <12 group was paired with another subject of the same age from the 
AFE ≥12 group. Of the 74 eligible participants, 42 subjects (age range 41-65 years) could 
be randomly matched by age (within two years), with 21 subjects in each AFE group. 
The AFE to tackle football ranged from age 7 to age 17. Duration of football play 
differed significantly between groups. 
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Table 2.1.  Demographics  
 Mean (SD) 
 AFE <12 yrs (n=21) 
AFE >12 yrs 
(n=21) T Value 
P 
Value 
Age (yrs) 51.95 (6.08) 52.33 (6.04) -0.20 0.840 
Education (yrs) 16.62 (1.07) 16.38 (0.92) 0.77 0.444 
Diagnosis of Learning 
Disabilities (%) 3 (15.79%) 0 (0.00%)  0.098+ 
Race, African American (%) 6 (28.57%) 12 (57.74%) 3.50 0.061- 
AFE to Football (yrs)  9.00 (1.29) 14.07 (1.35) -12.41 <0.001 
Duration of Football Play (yrs) 19.95 (3.39) 17.52 (3.42) 2.31 0.026 
Duration of play in the NFL 
(yrs) 7.02 (2.50) 8.67 (3.06) -1.91 0.063 
Total Number of Concussions* 392.00 (666.4) 370.30 (1076.3) .08 0.938 
Primary Position Group N (%)   6.95 0.164-
Offensive Line 3 (14.29%) 9 (42.86%)   
Running Back 1 (4.76%) 1 (4.76%)   
Tight End 1 (4.76%) 1 (4.76%)   
Defensive Line 2 (9.52%) 4 (19.05%)   
Linebacker 8 (38.10%) 3 (14.29%)   
Defensive Back 6 (28.57%) 3 (14.29%)   
Played Other Contact Sport N 
(%) 6 (28.57%) 7 (33.33%) 0.11  0.739- 
Use of Performance 
Enhancing Drugs (%) 5 (26.32%) 2 (10.00%)  0.405+ 
Use of Alcohol (%) 12 (57.14%) 13 (61.90%) .010 0.753- 
Use of Illicit Drugs (%) 12 (57.14%) 13 (61.90%) .010 0.753- 
Hypertension (%) 10 (47.61%) 10 (47.61%) 0 1.000- 
High Cholesterol (%) 8 (38.10%) 13 (61.90%) 2.381 0.123- 
Heart Disease (%) 1 (4.76%) 1 (4.76%)  1.000+ 
Diabetes (%) 1 (4.76%) 2 (9.52%)  0.520+ 
- chi-square test 
+ Fisher’s exact test 
* After being given a modern definition of concussion (Robbins et al., 2014) 
 
 
Mean outcomes scores from paired-sample t-tests are shown in Table 2. Due to 
uncompleted tests, nineteen pairs of subjects were examined for the WCST; 21 pairs were 
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examined for all other measures. Mean scores for the WCST %E, %PR, %PE, and 
%CLR; NAB-LL IR; and WRAT-4 Reading differed significantly between groups. The 
AFE <12 group had significantly lower scores than the AFE ≥12 group on all outcomes, 
indicating poorer performance. Results from the mixed-effects linear model and bootstrap 
analyses are presented in Table 3. After controlling for education, duration of play, and 
multidimensional correlations between tests and within subjects, all measures of the 
WCST, NAB-LL, and WRAT-4 Reading tests differed significantly between groups, 
with the AFE <12 group performing significantly worse than the AFE ≥12 group. These 
differences remained significant following bootstrap analysis. 
 
Table 2.2.  Unadjusted group differences for outcomes   
 Mean (SE) 
 AFE <12 (n=21) 
AFE >12 
(n=21) T Value P Value
WRAT-4 Reading Standard Score 93.35 (2.01) 101.90 (2.90) -2.40 0.021 
WCST % Errors T-score 36.11 (2.11) 43.63 (2.55) -2.28 0.029 
WCST % Perseverative Responses 
T-score 
37.58 (1.75) 45.16 (2.08) -2.79 0.009 
WCST % Perseverative Errors T-
score 
37.16 (1.75) 45.16 (2.23) -2.90 0.006 
WCST % Non-Perseverative 
Errors T-score 
37.21 (2.23) 43.16 (2.51) -1.77 0.085 
WCST % Conceptual Level 
Responses T-score 
36.21 (2.15) 43.47 (2.66) -2.12 0.041 
NAB LL Immediate Recall T-
score 
40.43 (1.22) 46.81 (2.04) -2.68  0.011- 
NAB LL Short Delay T-score 44.24 (2.58) 48.71 (3.20)  -1.09 0.283 
NAB LL Long Delay T-score 40.81 (2.95) 43.29 (3.50) -0.54 0.592 
-Satterthwaite approximation 
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Table 2.3. Group differences for outcomes adjusted for age and duration of 
football play  
 Mixed Effect Linear Model Bootstrapped Estimates 
Outcomes 
Difference 
(AFE ≥ 12 -  
AFE <12) 
Pooled
S.E. 
T Value P Value Estimate 
(S.E.) 
P Value
WRAT-4 Reading 
Standard Score 
9.25 3.17 2.92 0.004 3.66 0.011 
WCST % Errors T-
score 
8.89 3.17 2.80 0.005 2.99 0.004 
WCST % 
Perseverative 
Responses T-score 
8.76 3.17 2.76 0.006 2.53 <0.001 
WCST % 
Perseverative 
Errors T-score 
9.53 3.17 3.01 0.003 2.57 <0.001 
WCST % Non-
Perseverative 
Errors T-score 
7.33 3.17 2.31 0.021 3.22 0.028 
WCST % 
Conceptual Level 
Responses T-score 
8.78 3.17 2.77 0.006 3.09 0.006 
NAB LL 
Immediate Recall 
T-score 
7.96 3.10 2.57 0.011 2.17 <0.001 
NAB LL Short 
Delay T-score 
8.18 3.10 2.64 0.009 3.76 0.023 
NAB LL  Long 
Delay T-score 
9.09 3.10 2.93 0.004 3.87 0.015 
 
 
DISCUSSION 
The objective of this study was to evaluate the relationship between AFE to RHI 
through tackle football and later-life cognitive function. We found that former NFL 
players in the AFE <12 group demonstrated significantly greater impairment on objective 
measures of executive functioning, immediate and delayed recall, and eVIQ compared to 
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the AFE ≥12 group. These results are consistent with preliminary work by our group 
indicating that former football players of all levels with an AFE <12 self-reported 
significantly worse executive function, depression, and apathy than those with an AFE 
≥12 (Bourlas et al., 2014). The results of this study suggest that sustaining RHI during 
critical periods of brain maturation could alter neurodevelopmental trajectories leading to 
later-life cognitive impairments. 
The relationship between AFE to tackle football and later-life executive 
dysfunction, memory impairment, and lower eVIQ remained significant, and for some 
variables became significant, after adjusting for duration of football play and education. 
Although it did not reach significance, it is noteworthy that the AFE <12 group played an 
average of two fewer years in the NFL than the AFE ≥12 group. Longer duration of NFL 
play could have been expected to contribute to poorer cognitive performance in the AFE 
≥12. However, despite playing fewer years in the NFL, the AFE <12 group performed 
worse on all measures.   
The disruption of key neurodevelopmental processes by RHI may be the 
underlying cause of the results of this study. A period of peak myelination rates and 
increased cerebral blood flow, which has been shown to predict rapid 
neurodevelopmental periods, occurs between ages 10-12 (V. Anderson, Spencer-Smith, 
et al., 2011; Epstein, 1999). In males, peak cortical thickness in the frontal and parietal 
cortices (Giedd, Blumenthal, Jeffries, Castellanos, et al., 1999) and peak amygdalar and 
hippocampal volume are reached during this same preadolescent period (Uematsu et al., 
2012). At the onset of puberty, occurring around age 12 in males, volumes in these 
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regions begin to decrease due to synaptic pruning, allowing for more efficient 
information processing (Blakemore & Choudhury, 2006). RHI incurred around the time 
of peak volume and early synaptic pruning in the hippocampus could alter the course of 
hippocampal development, contributing to later-life memory impairments observed in 
this study.  
The findings of this study are consistent with research demonstrating that children 
and adolescents are more susceptible to prolonged recovery and poor outcomes from 
concussions. Reduced intelligence has been reported following concussions in children 
(V. Anderson, Catroppa, et al., 2009; V. Anderson, Spencer-Smith, et al., 2011; Moser et 
al., 2005). While the rate of intellectual development may return to normal following 
pediatric brain injury, the loss of normal development time during recovery may cause 
the injured child to fall behind and never return to the levels of their uninjured peers (V. 
Anderson, Catroppa, et al., 2009; V. Anderson, Spencer-Smith, et al., 2011). Children 
may appear to fully recover from concussions due to functional compensatory 
mechanisms despite a lack of neuronal recovery (V. Anderson, Spencer-Smith, et al., 
2011). Prefrontal cortical regions, including the dorsolateral prefrontal cortex (DLPFC), 
continue to develop into the early 20s and are critical for executive functioning and 
intelligence (Kaller et al., 2012; Shaw et al., 2006). Studies have reported changes in 
DLPFC activation following both acute concussive injury (Slobounov et al., 2010) and 
prolonged exposure to RHI (Talavage et al., 2014). Functional impairments resulting 
from RHI occurring in childhood may not become apparent until early adulthood when 
environmental demands increase but cognitive skills associated with later-maturing 
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regions fail to properly develop. These mechanisms could explain the executive 
dysfunction displayed on the WCST and lower WRAT-4 Reading scores in the AFE <12 
group.  
Brain trauma as an environmental factor may play a larger role in 
neurodevelopmental processes in children compared to adolescents and adults. The 
influence of environmental vs. genetic factors on brain structure and function evolves 
over childhood and adolescence (Brouwer et al., 2014; Lenroot et al., 2009). Lenroot and 
colleagues (2009) used the same age cut-off as this study to examine the heritability of 
cortical thickness. They found that cortical thickness of later-developing brain regions, 
including the DLPFC, was heritable in the older group, but environmental factors had a 
greater influence than genetics in these regions in the group under age 12. Cortical 
growth trajectories in children and adolescents have been associated with intelligence 
(Shaw et al., 2006), and the influence of environmental factors on intelligence has also 
been shown to give way to genetic influence at age 12 (Brouwer et al., 2014). It is 
possible that RHI may influence neurodevelopment of some brain regions more in those 
younger than age 12 due to the strong environmental influence prior to that age.  
Youth football players may incur hundreds of subconcussive head impacts each 
season (Cobb et al., 2013; Daniel et al., 2012). Recent neuroimaging research has 
identified altered white matter structural integrity and functional changes postseason 
compared to preseason baseline measures in college ice hockey (I. K. Koerte, Kaufmann, 
et al., 2012) and college and high school football players (Bazarian et al., 2014; Talavage 
et al., 2014). One study found that these changes persisted through six-months of non-
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contact rest.7 RHI has also been associated with long-term consequences, including CTE 
(R. A. Stern et al., 2013). Although executive dysfunction and memory impairment are 
common CTE symptoms (Montenigro et al., 2014; R. A. Stern et al., 2013), our results do 
not suggest that the participants in our study have or will develop CTE. The 
neurobiological consequences of RHI on neurodevelopmental trajectories may differ 
from the pathogenesis and progression of CTE, leading to functionally similar but 
neuropathologically distinct outcomes. Further research is needed to determine whether 
incurring RHI during periods of neurodevelopmental vulnerability may contribute the 
neuropathogenetic cascade leading to the tauopathy of CTE. 
The WRAT-4 Reading test is frequently used to measure premorbid eVIQ in 
studies of neurodegenerative disease (O'Rourke et al., 2011). However, scores on this and 
similar word pronunciation tests have been associated with delayed memory performance 
and dementia scores in other neurodegenerative diseases (McFarlane, Welch, & Rodgers, 
2006; O'Rourke et al., 2011), leading to an underestimation of premorbid intelligence. 
Furthermore, research suggests that declines in intelligence may persist following 
concussion (V. Anderson, Catroppa, et al., 2009; V. Anderson, Spencer-Smith, et al., 
2011; Moser et al., 2005). However, the impact of RHI on intelligence has yet to be 
elucidated. Several other factors can influence performance on the WRAT-4 Reading 
subtest, including quality of education, race, cultural experience and socioeconomic 
status (Manly, Byrd, Touradji, & Stern, 2004). Although race was not significantly 
different between groups, there were six more African American participants in the AFE 
≥12 group, suggesting that lower WRAT-4 Reading scores in the AFE <12 group were 
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not driven by race-related differences. However, socioeconomic status and acculturation 
information was unavailable for this cohort and should be examined in future research. 
Due to the variety of factors that could influence WRAT-4 Reading scores in this 
population, this measure was not included as a covariate when analyzing other outcomes. 
Incurring RHI through football before age 12 could negatively impact intellectual 
development resulting in differences in knowledge acquisition abilities and lower later-
life IQ. However, it is unclear if the results of this study are due to exposure to RHI 
during critical neurodevelopmental stages, later-life acquired memory impairment from 
possible neurodegenerative disease, premorbid intelligence differences unrelated to RHI 
exposure, or other demographic factors. Moreover, it is possible that children with lower 
verbal abilities may be drawn to playing football at an earlier age. Future longitudinal 
studies beginning prior to the start of football participation in youth and using more 
comprehensive measures of intelligence are needed to determine the relationship between 
RHI in youth and intelligence. 
Although this study found an association between participation in tackle football 
before age 12 and later-life cognitive deficits, this does not suggest that incurring RHI at 
age 12 or older is safe or free from long-term consequences. Although the AFE <12 
group performed significantly worse, the AFE ≥12 group still scored below average on 
several WCST and NAB-LL measures. There are likely other factors, such as aspects of 
exposure (e.g. type, frequency, and severity), genetics, or other health-related issues, that 
could influence the risk of later-life consequences.   
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There are several important limitations to address in this study. While the study of 
former NFL players allows for investigation of a group with high exposure to RHI, the 
results may not be generalizable to other groups. The nature and number of head impacts 
incurred in other youth sports, including hockey and soccer, may vary from that of youth 
football and may affect neurodevelopmental processes differently. Furthermore, timing of 
brain development stages and milestones differ between males and females (Giedd, 
Blumenthal, Jeffries, Castellanos, et al., 1999; Uematsu et al., 2012). Future studies 
should investigate the later-life effects of RHI from other youth contact sports and in 
female athletes. Total exposure to RHI cannot be definitively determined retrospectively 
within this cohort; however, we used years of football play as a proxy for total exposure. 
The use of helmet accelerometer technology will make it possible to obtain a better 
estimate of total exposure in future studies.  Additionally, fewer opportunities to 
participate in youth football before age 12 were available to the older participants in this 
study, causing the AFE ≥12 group to be significantly older than the AFE <12 group in the 
DETECT cohort. Simply adjusting for age would not have accounted for era-related 
differences in the style of football the participants played. Therefore, we used age-
matched pairs in this study, which greatly reduced the sample size. The cross-sectional 
study design does not allow for the determination of causality between early-life 
exposure to RHI and later-life impairments, and the age range of participants limits the 
generalizability to older individuals. Future research would benefit from longitudinal 
designs with larger sample sizes beginning at younger ages. 
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It is possible that participants in this study were motivated to perform poorly on 
neuropsychological testing due to outside influences, such as litigation against the NFL. 
If this were the case, we would not expect to find a difference between groups based on 
AFE to football as we did in this study. It is also noteworthy that we found objective 
differences between AFE groups despite the fact that all participants reported behavioral 
and cognitive difficulties in order to be included in this study. This potential limitation 
may be addressed by eliminating inclusion criteria requiring self-report of symptoms in 
future research. 
Increased awareness about the long-term effects of brain trauma has led to rule 
changes in sports at all levels. While these changes may be effective in minimizing RHI 
in youth sports (Cobb et al., 2013), empirical data is necessary to guide these rule 
changes with regard to AFE and other modifiable risk factors. More evidence is needed 
to assist stakeholders, including legislators, league officials, healthcare providers, 
coaches, parents, and athletes, in decision-making when considering the potential 
detrimental effects of exposure to RHI with the countless benefits of participation in 
youth sports. 
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CHAPTER 3: 
AGE AT FIRST EXPOSURE TO FOOTBALL IS ASSOCIATED WITH 
ALTERED CORPUS CALLOSUM WHITE MATTER MICROSTRUCTURE IN 
FORMER PROFESSIONAL FOOTBALL PLAYERS 
 
 
 
INTRODUCTION 
 
Traumatic brain injury (TBI) in youth sports is a growing public health concern 
given the millions of youth athletes participating annually in the United States alone 
("Report on Trends and Participation in Organized Youth Sports," 2008). In addition to 
concussive injuries, recent evidence indicates that sustaining repetitive subconcussive 
head impacts through sports participation may result in long-term consequences, 
including behavioral symptoms (Guskiewicz, Marshall, et al., 2007; Seichepine et al., 
2013), cognitive impairment (Guskiewicz et al., 2005), brain structure alterations (I. K. 
Koerte, Ertl-Wagner, et al., 2012), and neurodegenerative diseases, such as chronic 
traumatic encephalopathy (CTE; McKee et al., 2009; McKee et al., 2010; McKee et al., 
2013; Montenigro et al., 2014; R. A. Stern et al., 2013). Neuroimaging and 
electrophysiological studies have identified structural and functional abnormalities in 
former contact sport athletes many years after they stopped playing (De Beaumont et al., 
2009; Hampshire et al., 2013; Hart et al., 2013; Strain et al., 2013; Tremblay et al., 2013). 
Tackle football players ages 7-12 may experience hundreds of repetitive head impacts 
(RHI), concussive and/or subconcussive, over the course of one season, several of which 
may exceed forces of 80g (Cobb et al., 2013; Daniel et al., 2012). Our previous research 
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suggests that incurring RHI during critical periods of neurodevelopment in childhood 
may lead to later-life mood, behavioral, and cognitive impairment (Bourlas et al., 2014; 
Stamm et al., 2015). However, the impact of RHI incurred during youth on later-life brain 
structure has not yet been systematically examined.  
A previous theory proposed that, due to its increased plasticity, recovery from 
concussions in the developing brain would be superior to that of the adult brain (G. E. 
Schneider, 1979). More recent evidence suggests that children and adolescents are more 
likely to endure prolonged symptom recovery (Moser et al., 2005; Sim, Terryberry-
Spohr, & Wilson, 2008; Zuckerman et al., 2012) and are more vulnerable to poor 
outcomes (V. Anderson, Spencer-Smith, et al., 2011; Giza et al., 2005; Hessen et al., 
2007). Moreover, neuroimaging studies show persistent structural and functional changes 
in the brain following mild TBI in children (Beauchamp et al., 2011; Ewing-Cobbs et al., 
2008; Sinopoli et al., 2014; Yuan et al., 2007). Windows of vulnerability to brain trauma 
may be associated with critical periods of brain development occurring throughout 
childhood and adolescence (Andersen & Teicher, 2008; V. Anderson, Spencer-Smith, et 
al., 2011; Bardin, 2012). One such critical period occurs between ages 10-12 in males 
(Chugani et al., 1987; Epstein, 1999; Giedd, Blumenthal, Jeffries, Castellanos, et al., 
1999; Lebel et al., 2008; Lenroot et al., 2009; Shaw et al., 2008; Uematsu et al., 2012). 
Amygdalar and hippocampal volumes, as well as cortical thickness in several brain 
regions, reach peak levels during this time (Giedd, Blumenthal, Jeffries, Castellanos, et 
al., 1999; Grieve, Korgaonkar, Clark, & Williams, 2011; Lenroot & Giedd, 2006; 
Uematsu et al., 2012), with synaptic pruning beginning shortly thereafter to enhance 
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efficient information processing (Kaller et al., 2012; Kelly et al., 2009). Peaks in the rate 
of myelination (Andersen & Teicher, 2008; V. Anderson, Spencer-Smith, et al., 2011; 
Crowe et al., 2012) and cerebral blood flow (Epstein, 1999), as well as significant 
improvements in network organization (Z. Chen et al., 2013), also occur between ages 
10-12, potentially making the brain more susceptible to functional and structural 
alterations following RHI.  
Diffusion tensor imaging (DTI) is an advanced magnetic resonance imaging 
(MRI) technique that provides insight into the brain’s white matter microstructure by 
measuring the magnitude and direction of the movement of water molecules (Pierpaoli et 
al., 1996). Within white matter, water molecules tend to diffuse along a course parallel to 
fiber tracts. The directionality of this diffusion is commonly measured using fractional 
anisotropy (FA; Basser & Pierpaoli, 1996). Higher FA values denote greater diffusion 
along one direction, as is observed in well-organized tissues (Basser & Pierpaoli, 1996). 
Trace is the sum of diffusion in all directions (Basser & Pierpaoli, 1996; Pierpaoli et al., 
1996). In poorly-organized tissues, the multidirectional movement of water molecules 
can occur with little resistance, resulting in high trace values (Basser & Pierpaoli, 1996). 
Other common diffusion measures include axial (AD) and radial (RD) diffusivity, which 
are thought to measure axonal and myelin pathology, respectively (Song et al., 2002).   
 Altered diffusivity is frequently observed following mild traumatic brain injury 
(mTBI; see review by Shenton et al. 2012). Recent research using DTI (Bazarian et al., 
2012; Bazarian et al., 2014; Davenport et al., 2014; I. K. Koerte, Ertl-Wagner, et al., 
2012; I. K. Koerte, Kaufmann, et al., 2012), as well as other imaging modalities (Abbas 
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et al., 2014; Blakemore & Choudhury, 2006; Breedlove et al., 2012; Singh et al., 2014; 
Talavage et al., 2014), also revealed altered brain structure and connectivity following 
prolonged exposure to RHI. Further, several studies report altered diffusivity following 
just one season of football (Bazarian et al., 2007; Bazarian et al., 2012; Davenport et al., 
2014) and ice hockey (I. K. Koerte, Kaufmann, et al., 2012) play when comparing 
preseason and postseason DTI measures. Bazarian and colleagues (2014) identified 
decreased FA and increased mean diffusivity that persisted for at least six months 
postseason. Moreover, Koerte and colleagues (I. K. Koerte, Ertl-Wagner, et al., 2012) 
compared elite adult soccer players with no history of concussion, only subconcussive 
blows to the head, to competitive swimmers and observed higher RD and AD in several 
brain regions. Findings from these studies provide further support for the notion that, 
despite the lack of concussive symptoms, incurring repeated subconcussive head impacts 
is not without consequences.  
 The corpus callosum (CC) is the largest commissural fiber tract in the brain. It is 
particularly vulnerable to diffuse axonal injury with head impacts due to the density and 
orientation of fibers, the position of the dural reflections creating barriers to brain 
movement, and increased shear strain on the tract when external acceleration forces are 
applied (Aoki, Inokuchi, Gunshin, Yahagi, & Suwa, 2012; Levin et al., 2000; McAllister 
et al., 2012). The greatest shear strain occurs in the genu (anterior CC) and splenium 
(posterior CC; McAllister et al., 2012), and these regions are frequently damaged in TBI 
(Aoki et al., 2012; Ewing-Cobbs et al., 2008; Kumar et al., 2009; Kumar et al., 2010; 
McAllister et al., 2012; T. C. Wu et al., 2010). Studies also report CC microstructural 
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damage following prolonged exposure to RHI in football (Bazarian et al., 2014), hockey 
(I. K. Koerte, Kaufmann, et al., 2012), and soccer players (I. K. Koerte, Ertl-Wagner, et 
al., 2012). Furthermore, several neuroimaging studies in children demonstrate disrupted 
CC development following TBI (Ewing-Cobbs et al., 2008; Levin et al., 2000; Levin et 
al., 2008; Wilde et al., 2006; T. C. Wu et al., 2010). Key aspects of CC development, 
including high rates of myelination and axonal growth, occur between ages 8-12 (Lebel 
& Beaulieu, 2011; Lebel et al., 2010; Lebel et al., 2008; Snook et al., 2005). However, 
the relationship between RHI experienced during this critical neurodevelopmental period 
and later-life CC microstructure has not been examined.  
 The purpose of this study was to examine the relationship between the age of first 
exposure (AFE) to RHI through tackle football and later-life CC microstructural 
alterations using DTI. We examined diffusion measures in two groups of former NFL 
players: those who started playing tackle football before age 12 (AFE <12) and those who 
started at age 12 or older (AFE ≥12). Twelve was chosen as the cut-off age based on the 
neurodevelopmental literature described above (Chugani et al., 1987; Epstein, 1999; 
Giedd, Blumenthal, Jeffries, Castellanos, et al., 1999; Lebel et al., 2008; Lenroot et al., 
2009; Shaw et al., 2008; Uematsu et al., 2012) and previous work from our group 
(Bourlas et al., 2014; Stamm et al., 2015). We hypothesized that the AFE <12 group 
would have altered diffusivity, particularly in the genu and splenium, compared to the 
AFE ≥12 group. We also hypothesized that the AFE <12 group would show greater 
alterations in diffusion measures with increasing age compared to the AFE ≥12 group.  
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MATERIALS AND METHODS 
This research is part of Diagnosing and Evaluating Traumatic Encephalopathy 
using Clinical Tests (DETECT), an ongoing study with a primary goal of developing 
methods for diagnosing CTE during life. DETECT includes former NFL players and a 
control group. For this study, only former NFL players were included. DETECT study 
procedures are described elsewhere (Stamm et al., 2015). The Boston University Medical 
Center Institutional Review Board approved all study procedures, and all neuroimaging 
procedures were approved by the Partners Institutional Review Board. Prior to 
participation, all participants provided written informed consent. 
 
Participants 
Inclusion criteria for former NFL players in DETECT are: male, age 40-69, a 
minimum of 12 total years of organized football participation and two years of play in the 
NFL. Additionally, participants must report a decline in cognitive, behavioral, and mood 
symptoms for at least the last six months that is self-perceived, reported by others, or for 
which they have received treatment from a doctor. These symptoms may include 
difficulties with memory, planning and organization, impulsivity, violence, depression, 
anxiety, and/or apathy. Exclusion criteria are MRI and lumbar puncture contraindications 
and history of other diagnosed neurologic disease. Of the 74 former NFL players who 
had participated in DETECT at the time of the study, three did not have imaging data 
acquired. An additional five cases were excluded due to motion artifact, leaving 66 
former NFL players eligible for this study. 
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Current age differed significantly between AFE groups when all subjects were 
included (AFE <12 N=30, Mean=50.3 years, SD=6.6; AFE ≥12 N=36, Mean=57.4 years, 
SD=7.4; p<0.001). Because of this age difference and the resulting possibility of 
differences in style of football played in different decades, we selected age-matched pairs 
for subsequent analyses. That is, one subject in the AFE <12 group was randomly paired, 
a priori, with another subject of the same age from the AFE ≥12 group if any existed. 
Twenty-six subjects (AFE <12=10 subjects; AFE ≥12=16 subjects) could not be matched 
within 2 years of age with a participant in the other AFE group. The remaining forty 
subjects could be matched within 2 years of age, with 20 subjects in each AFE group (age 
at scan range = 40-65). Because of the potential impact of current age on CC integrity, it 
was determined that focusing on age-matched pairs was of greater methodological 
importance than including a larger sample size with large between-group age differences. 
Moreover, using age-matched pairs in this study reduced the standard error of the mixed-
effects regression estimates which increases power in detecting clinically significant 
estimates.  
 
Head Impact Exposure Variables 
AFE to tackle football was treated as a dichotomous variable and used to divide 
subjects into two groups: AFE <12 and AFE ≥12. Not surprisingly, duration of football 
play, defined as the total number of years, differed between AFE groups and was, 
therefore, used as a covariate.  Duration was treated as a continuous variable. 
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MRI Acquisition 
 Diffusion weighted images (DWI) were acquired on a 3T MR scanner (TIM 
Verio, Siemens Healthcare, Erlangen, Germany) with a 32 channel head coil. An echo 
planar imaging DWI sequence was used with the following parameters: TR 11700 ms, 
TE 85 ms, FOV 256 mm, 128x128 matrix, 2.0 mm slice thickness, parallel imaging using 
GRAPPA with acceleration factor 3. Seventy-three slices were acquired using 87 
diffusion directions, consisting of 80 diffusion-weighted images with a b-value of 
900s/mm2 and seven images with b-value of 0s/mm2 for anatomical reference.  
 
Post-processing of Diffusion Tensor Imaging Data 
Affine registration of the DWI to the baseline image was performed to remove 
intrascan misalignments due to eddy currents and head motion (FSL 4.1, FMRIB 
Software Library, The Oxford Centre for Functional MRI of the Brain, Oxford, United 
Kingdom). Additionally, an automated evaluation of DWI images for motion artifact was 
conducted using in-house software and resulted in the elimination of four cases. A visual 
inspection of all 87 components of each DWI was also performed and resulted in the 
elimination of one additional case due to motion artifact. Further, this quality check 
revealed dropped signals in less than five of 87 diffusion directions in six cases (AFE <12 
= 1 case; AFE ≥12 = 5 cases). These six cases were included in the study. However, to 
eliminate possible influences of these signals, we excluded the diffusion directions and 
gradient information using in-house software. One direction was removed in two cases, 
two directions were removed in three cases, and three directions were removed in one 
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case. A corrected DWI-file with the gradients eliminated was obtained for each of the 
respective participants.   
 
Corpus Callosum Region of Interest and Tractography 
 The whole CC was defined manually on the midsagittal slice with one slice to 
each side of the midsagittal slice on the color-oriented FA map (n=3 slices) using 3D 
Slicer software package version 4.3.1 (http://www.slicer.org, Surgical Planning 
Laboratory, Brigham and Women’s Hospital, Boston, Massachusetts, USA). The whole 
CC label map was mathematically subdivided in five subregions, as described by Hofer 
and Frahm (2006; Figure 1). The five subregions contain commissural fibers of 
prefrontal (region I), premotor and supplementary motor (region II), primary motor 
(region III), sensory (region IV), and parietal, temporal and occipital cortical areas 
(region V; Hofer & Frahm, 2006).  
Seeding of fiber tracts through the whole CC and CC subregions was conducted 
in 3D Slicer using a deterministic (streamline) tractography approach, which uses the 
principal diffusion direction in the seed voxels to obtain fiber trajectories (Mori & van 
Zijl, 2002). To ensure that only CC fibers were included, exclusion regions of interest 
(ROIs) were used in the axial plane at the levels of the superior thalamus and rostral 
midbrain in order to eliminate corticothalamic fibers and corticospinal and corticobulbar 
fibers, respectively. Further, to ensure the accuracy of the CC subregion fiber extraction, 
regions not being examined were excluded (i.e., when fibers were extracted from region 
I, regions II-V were considered exclusion ROIs). Each tractography output was then 
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inspected, and, if present, fibers representing non-callosal tracts (e.g., the uncinate 
fasciculus, cingulum bundle, inferior longitudinal fasciculus, inferior fronto-occipital 
fasciculus, or arcuate fasciculus) were manually removed in 3D Slicer. Mean FA, Trace, 
AD, and RD were extracted for each CC tract. All of these procedures were carried out 
blind to AFE group membership and age. 
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Figure 3.1.  Tractography of the corpus callosum.  The corpus callosum was subdivided 
into five regions containing commissural fibers of prefrontal (region I), premotor and 
supplementary motor (region II), primary motor (region III), sensory (region IV), and 
parietal, temporal and occipital cortical areas (region V; Hofer & Frahm, 2006). Tracts 
were obtained using deterministic (streamline) tractography to trace fiber paths through 
the regions of interest. 
 
Statistical Analysis 
Due to the need to include covariates in the analysis, a multivariate mixed-effects 
linear regression model was used to determine the effect of AFE to tackle football on all 
DTI measures. This model included duration of play and body mass index (BMI) as 
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covariates. BMI has been shown to be negatively correlated with the integrity of the 
corpus callosum (Xu, Li, Lin, Sinha, & Potenza, 2013). The model also adjusted for 
correlations within the age-matched pairs and between DTI measures from the same 
subject to account for possible inflation of Type I error. The regression model was also 
used within each AFE group to examine the interaction between age and FA. All analyses 
were conducted using SAS 9.3. 
 
RESULTS 
Participant Demographics and Athletic History 
Demographic information, athletic history, and other health-related factors for the 
age-matched groups are described in Table 3.1. AFE across the 40 participants ranged 
from age 6 to age 17 (Median = 11.5 years old). Duration of football play (AFE <12 
Mean=20.3 years, SD=3.4; AFE ≥12 Mean=18.1 years, SD=3.1; p=0.039) and BMI 
(AFE<12 Mean=30.4, SD=3.0; AFE ≥12 Mean=33.7, SD=4.7; p<0.013) differed 
significantly between these two age-matched groups.  
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Table 3.1.  Demographic and Athletic Information   
 Mean (SD) T Value P Value 
 
AFE <12 
yrs 
(n=20) 
AFE >12 
yrs 
(n=20) 
  
Age at Scan (yrs) 52.2 (6.5) 52.5 (6.2) -0.150 0.882 
Age of First Exposure to Tackle 
Football (yrs)  9.1 (1.4) 14.1 (1.4) -11.313 <0.001 
Education (yrs) 16.7 (1.1) 16.3 (0.9) 1.292 0.204 
Duration of Football Play (yrs) 20.3 (3.4) 18.1 (3.1) 2.140 0.039 
Duration of play in the NFL (yrs) 7.4 (2.4) 9.1 (2.8) -1.993 0.053 
*Total Number of Concussions, 
Median (IQR) 45 (179.5) 
40 
(285.3) 395 0.697a 
Body Mass Index  30.4 (3.0) 33.7 (4.7) -2.623 0.013 
Race, African American, N (%) 6 (30.0) 11 (55.0) 2.558- 0.11b 
Primary Position Group, N (%)    10.921- 0.053b
Offensive Line, N (%) 1 (2.5) 9 (22.5)   
Running Back, N (%) 1 (2.5) 1 (2.5)   
Tight End, N (%) 1 (2.5) 1 (2.5)   
Defensive Line, N (%) 3 (7.5) 4 (10.0)   
Linebacker, N (%) 7 (17.5) 3 (7.5)   
Defensive Back, N (%) 7 (17.5) 2 (5.0)   
Played Other Contact Sport, N (%) 6 (30.0) 8 (40.0) 0.440 0.507b 
Use of Performance Enhancing 
Drugs, N (%) 4 (21.1) 2 (11.8)  0.662c 
Significant use of Alcohol, N (%) 11 (55.0) 12 (60.0) 0.102 0.749b
Significant use of Illicit Drugs, N (%) 12 (60.0) 11 (55.0) 0.102 0.749b 
Hypertension, N (%) 11 (55.0) 9 (45.0) 0.400 0.527b 
High Cholesterol, N (%) 8 (42.1) 12 (60.0) 1.249 0.264b 
Heart Disease, N (%) 1 (5.3) 1 (5.6)  1.000c 
Diabetes, N (%) 1 (5.0) 3 (15.8)  0.342c 
AFE, age of first exposure; SE, standard error of the mean; NFL, National Football 
League; 
*After being given a modern definition of concussion (Robbins et al., 2014) 
a Wilcoxon signed rank test 
b Chi-square test 
c Fisher’s exact test 
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AFE group comparison 
 Results from the mixed effects linear model investigating between-group 
differences are shown in Table 3.2. Duration of play was found to be a significant 
predictor of FA for the whole CC (p = 0.027), while BMI was not a significant predictor 
of any measures. After adjusting for duration of play and BMI (Xu et al., 2013), the AFE 
<12 group displayed significantly lower FA in the anterior CC regions (I and II) 
compared to the AFE ≥12 group (Figure 3.2). AD, RD, and Trace did not differ 
significantly between groups.  
 
 
Figure 3.2. Scatter plots illustrating FA in corpus callosum regions I and II in each AFE 
group. Those with an age of first exposure to tackle football prior to age 12 had 
significantly lower FA in Regions I and II than those who began playing football at age 
12 or later. Error bars signify one standard deviation from the mean. 
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Table 3.2.  Mixed effects linear regression results comparing age of first exposure 
(AFE) groups 
 
AFE <12 yrs 
(n=20) 
AFE >12 yrs 
(n=20) 
Adjusted 
Estimated 
Difference  
(AFE <12 - 
AFE ≥12) 
SE P Value
Mean  SD Mean SD 
Whole 
CC 
FA 0.63122  0.00461 0.63993 0.00558 -0.00655 0.00543 0.229
Trace 0.00198 0.00003 0.00198 0.00003 -0.00001 0.00004 0.732
AD 0.00124  0.00001 0.00125 0.00001 -0.00002 0.00002 0.367
RD 0.00037  0.00001 0.00037 0.00001 0.00000 0.00001 0.875
Region 
I  
FA 0.61499  0.00694 0.63231 0.00502 -0.01515 0.00709 0.034
Trace 0.00194  0.00003 0.00189 0.00003 0.00003 0.00004 0.365
AD 0.00119  0.00001 0.00118 0.00001 0.00000 0.00002 0.997
RD 0.00038  0.00001 0.00036 0.00001 0.00002 0.00001 0.119
Region 
II 
FA 0.60924  0.00609 0.62490 0.00521 -0.01350 0.00625 0.032
Trace 0.00191  0.00003 0.00189 0.00003 0.00001 0.00004 0.863
AD 0.00117  0.00001 0.00117 0.00002 -0.00001 0.00002 0.460
RD 0.00037  0.00001 0.00036 0.00001 0.00001 0.00001 0.330
Region 
III 
FA 0.63500  0.00612 0.64979 0.00749 -0.01262 0.00723 0.082
Trace 0.00189  0.00003 0.00188 0.00004 -0.00001 0.00004 0.786
AD 0.00119  0.00001 0.00120 0.00002 -0.00002 0.00002 0.200
RD 0.00035  0.00001 0.00034 0.00001 0.00001 0.00001 0.594
Region 
IV 
FA 0.60954  0.00798 0.62105 0.01082 -0.00935 0.01039 0.370
Trace 0.00198  0.00003 0.00201 0.00006 -0.00005 0.00006 0.366
AD 0.00121  0.00001 0.00124 0.00002 -0.00004 0.00002 0.086
RD 0.00039  0.00001 0.00039 0.0002 -0.00001 0.00002 0.765
Region 
V 
FA 0.65786  0.00596 0.65635 0.00830 0.00067 0.00988 0.946
Trace 0.00209  0.00003 0.00211 0.00005 -0.00004 0.00006 0.508
AD 0.00133  0.00002 0.00135 0.00002 -0.00002 0.00002 0.317
RD 0.00038  0.00001 0.00038 0.00002 -0.00001 0.00002 0.707
AFE, age of first exposure; CC, corpus callosum; FA, fractional anisotropy; AD, axial 
diffusivity; RD, radial diffusivity  
Adjusted for duration (years) of football and body mass index. 
 
 
 
 
  
64
Effect of the age by AFE group interaction on FA  
Results from the age x group interaction on FA are shown in Table 3.3. As FA 
was the only measure that differed between groups in the group comparison, only FA was 
examined for this analysis. A greater decline in FA with age was found in the AFE <12 
group for regions I and II compared to the AFE ≥12 group (Figure 3.3).  
 
 
Figure 3. Scatter plots displaying the group x age interaction for FA in corpus callosum 
regions I and II. In both regions, there is a significantly greater decrease in FA with age 
in former professional football players who started playing tackle football before age 12 
compared to those who began playing tackle football at age 12 or later.  
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Table 3.3.  Age of First Exposure Group by Age at Scan Interaction for FA  
 Estimated Difference in Slope  (AFE ≥12 – AFE <12) Standard Error P Value 
Whole 0.00012 0.00010 0.232 
Region I 0.00032 0.00013 0.018 
Region II 0.00027 0.00012 0.020 
Region III 0.00023 0.00014 0.093 
Region IV 0.00018 0.00020 0.380 
Region V -0.00004 0.00019 0.844 
AFE, age of first exposure    
 
 
DISCUSSION 
This study is the first to evaluate the relationship between the age a retired NFL 
player began playing tackle football and later-life CC white matter microstructure. We 
observed significantly lower FA in the anterior CC (regions I and II) in former NFL 
players who began playing tackle football prior to age 12 compared to those who began 
playing tackle football at age 12 or older. In addition, we found a greater decrease in FA 
with increasing age in the anterior CC in the AFE <12 group compared to the AFE ≥12 
group. These results suggest that incurring RHI through tackle football play during a 
critical period of anterior CC growth before age 12 could disrupt developmental 
processes possibly resulting in lasting alterations in anterior CC white matter 
microstructure and accelerated brain aging processes.   
The results of this study are consistent with our previous research showing greater 
later-life mood, behavioral, and cognitive impairment in retired NFL players with 
exposure to RHI through tackle football prior to age 12 (Bourlas et al., 2014; Stamm et 
al., 2015). Bourlas and colleagues (2014) studied former high school, college, and 
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professional football players and found that the AFE <12 group self-reported greater 
executive dysfunction, apathy, and depression than the AFE ≥12 group. Furthermore, the 
AFE <12 group had approximately three times greater odds of having later-life clinically-
meaningful depression and executive dysfunction. Stamm et al. (2015) found that former 
NFL players in an AFE <12 group performed significantly worse on objective measures 
of executive functioning, memory, and estimated verbal intelligence than those in the 
AFE ≥12 group. The results of the present study further support the vulnerability of the 
developing brain to RHI prior to age 12 and, for the first time, show a relationship 
between AFE to RHI and later-life white matter microstructure alterations.  
A striking finding of this study is the greater reduction of FA with increasing age 
in the AFE <12 group compared to the AFE ≥12 group. This suggests an accelerated 
brain aging process in those with an AFE to tackle football prior to age 12. FA decreases 
with normal aging in the CC, with anterior regions being preferentially affected (Abe et 
al., 2002; Ota et al., 2006; Salat et al., 2005; Sullivan, Adalsteinsson, & Pfefferbaum, 
2006). Thus, it is possible that exposure to RHI during critical periods of axonal 
development and myelination may result in increased vulnerability to natural aging 
processes later in life. More research must be done to confirm this intriguing finding, and 
future studies should include longitudinal designs to further investigate this question.  
Although diffusion measures differed between AFE groups after adjusting for 
total duration of football play and BMI, duration was also a significant predictor of FA. 
Previous studies examining the effect of duration, as a proxy for overall exposure, on 
brain structure and function has been mixed. One study found an association between 
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duration of play and presence and severity of CTE neuropathology (McKee et al., 2013), 
while other studies found no effect of this variable on later-life mood, behavior, and 
cognitive functioning (Bourlas et al., 2014; Stamm et al., 2015) or diffusivity measures (I. 
K. Koerte, Ertl-Wagner, et al., 2012). More research is needed to elucidate the 
relationship between duration of football and later-life brain structure, function, and 
neurodegeneration, and on the interaction effects of total duration of play and initial age 
of play on later life changes. 
Callosal anatomy and neurodevelopment may at least partially explain the 
findings of this study. FA increases rapidly in the CC prior to age 12, likely due to 
myelination and axonal growth (Lebel & Beaulieu, 2011; Lebel et al., 2010; Lebel et al., 
2008; Snook et al., 2005). The genu and splenium reach 90% of peak FA by age 11 
(Lebel et al., 2008), followed by a much slower increase in FA until peak levels are 
reached in the early 20s (Lebel & Beaulieu, 2011; Lebel et al., 2010; Lebel et al., 2008). 
Snook and colleagues (2005) showed a greater slope of increase in FA in the genu than in 
the splenium between ages 8-12, suggesting greater anterior CC development during this 
time. The genu and anterior midbody of the CC contain small-diameter, lightly-
myelinated fibers, and the genu has the highest proportion of unmyelinated fibers in the 
adult CC (Aboitiz et al., 1992; Hasan et al., 2009). These fiber types are preferentially 
vulnerable to damage and have limited ability to recover following TBI (Reeves, Phillips, 
& Povlishock, 2005; Reeves, Smith, Williamson, & Phillips, 2012). It is possible that 
anterior callosal neuroanatomy combined with incomplete and rapid myelination between 
ages 8-12 may predispose the anterior CC to detrimental effects of RHI experienced 
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during this critical neurodevelopmental period. In the segmentation method used in this 
study (Hofer & Frahm, 2006), region V represents posterior callosal fibers connecting 
temporal, parietal, and occipital regions.  However, the temporal and parietal fibers 
coursing through this CC region are smaller and lightly-myelinated, while the CC fibers 
connecting occipital regions are larger and highly-myelinated (Aboitiz et al., 1992; Hasan 
et al., 2009). These fibers may be differentially affected by RHI. Combining both fiber 
types in one region may have reduced the ability to observe posterior differences between 
AFE groups in this study. Future research should consider investigating the effects of 
AFE to RHI in CC fibers connecting temporal, parietal, and occipital fibers separately. 
Additionally, differing developmental trajectories of anterior and posterior CC regions 
may also contribute to the lack of diffusivity differences between AFE groups in 
posterior CC regions. 
 There are several limitations to this study that should be taken into account. First, 
the generalizability of these results may not extend to other groups. For example, the 
biomechanics and amount of RHI experienced by former NFL players may differ from 
that of athletes in other high-risk sports, such as soccer and ice hockey. Developmental 
trajectories (Giedd, Blumenthal, Jeffries, Castellanos, et al., 1999; Lenroot & Giedd, 
2006; Uematsu et al., 2012) and outcomes (Zuckerman et al., 2014) following mTBI 
differ between males and females; therefore, these results also may not apply to females 
exposed to RHI during youth. Second, it is not known whether continued exposure to 
RHI in adolescence and adulthood influences the brain’s ability to recover following 
childhood exposure to RHI. Future studies should investigate individuals whose highest 
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levels of football played were college and high school, as well as individuals with an 
AFE <12 but who stopped incurring RHI after age 12. Third, establishment of causality 
between AFE to RHI and altered anterior callosal diffusivity cannot be made due to the 
cross-sectional nature of the study design. Future studies should utilize a longitudinal 
design beginning with younger, current athletes. Fourth, the results of this study should 
not be interpreted as concluding that incurring RHI at or after age 12 is without 
consequences to CC integrity. AFE could be one of several factors, including other 
aspects of head impact or injury exposure, genetics, and other health-related issues, that 
may influence later-life outcome following RHI. Lastly, although CC pathology has been 
reported in CTE, the results of this study do not suggest that the participants have or will 
develop this neurodegenerative disease. Pathological processes resulting from disrupted 
white matter development may differ from the tauopathy-based neurodegeneration of 
CTE. More research is needed to determine if incurring RHI during critical 
neurodevelopmental periods is a risk factor for the development of CTE. 
 Increased awareness of the acute and long-term consequences of repeated 
concussive and subconcussive head trauma has resulted in policy and rule changes in 
multiple sports at all levels of play, as well as legislation intended to protect youth and 
adolescent athletes (Baugh, Kroshus, Bourlas, & Perry, 2014; Cobb et al., 2013). 
However, replication of our results is necessary before using these findings as rationale to 
implement significant rule or policy changes. Furthermore, a recent decline in youth sport 
participation has been attributed, in part, to concerns of parents and guardians about brain 
trauma (Dahler, 2014). More investigation into later-life outcomes from exposure to RHI 
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in childhood is necessary to address these concerns, to increase safety in youth sports, 
and to allow youth athletes to take advantage of the enormous benefits of sports 
participation without the possibility of long-term consequences.   
In conclusion, this study found that former NFL players who started playing 
tackle football prior to age 12 had lower FA and a greater decline in FA with increasing 
age in anterior CC regions compared to those who started playing football at age 12 or 
older. Exposure to RHI during a critical period of neurodevelopment may disrupt normal 
axonal growth and myelination, leading to permanently altered white matter 
microstructure and greater vulnerability to the natural brain aging processes. More 
research is needed to understand the impact of RHI incurred in childhood on later-life 
brain structure and function. 
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CHAPTER FOUR: 
CORPUS CALLOSUM DIFFUSIVITY AND CLINICAL FUNCTION IN 
FORMER NFL PLAYERS WITH EARLY EXPOSURE TO REPEATED HEAD 
IMPACTS THROUGH TACKLE FOOTBALL 
 
INTRODUCTION 
 Millions of youth athletes participate in football annually (Daniel et al., 2012), 
and the consequences of concussive and subconcussive brain trauma in these young 
players represent a growing public health concern. In addition to the high rate of mild 
traumatic brain injury (mTBI), or concussion, in football (Daneshvar, Nowinski, et al., 
2011), recent research has shown that youth football players ages 7-12 can incur 
hundreds of repeated head impacts (RHI) each season at magnitudes similar to their high 
school and college counterparts (Broglio et al., 2011; Cobb et al., 2013; Daniel et al., 
2012; Schnebel et al., 2007; T. J. Young et al., 2014). Recent evidence suggests that RHI 
in adults can lead to later-life consequences, including depression (Guskiewicz, Marshall, 
et al., 2007; Hart et al., 2013; Kerr et al., 2012), cognitive dysfunction (Guskiewicz et al., 
2005; Hart et al., 2013; Seichepine et al., 2013), and the neurodegenerative disease 
chronic traumatic encephalopathy (CTE; McKee et al., 2009; McKee et al., 2013; 
Montenigro et al., 2014; R. A. Stern et al., 2013). However, the later-life consequences of 
exposure to RHI though tackle football in youth is not well understood. 
In the studies presented in the previous two chapters, we found that former NFL 
players with an age of first exposure (AFE) to RHI through tackle football prior to age 12 
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showed greater impairment in executive functioning, memory, and estimated verbal IQ as 
well as reduced white matter integrity that showed greater decline with age when 
compared to former NFL players who began playing football at age 12 or older. In other 
preliminary work, we observed that former football players representing all competition 
levels who began playing tackle football before age 12 self-reported greater difficulties 
with executive functioning, apathy, and depression than those who began playing football 
at age 12 or later (Bourlas et al., 2014). A critical period of brain development, including 
rapid myelination, peaks in hippocampal and amygdalar volumes and regional cortical 
thickness, and increased cerebral blood flow, occurs between ages 9-12 (Chugani et al., 
1987; Epstein, 1999; Giedd, Blumenthal, Jeffries, Castellanos, et al., 1999; Lebel et al., 
2008; Lenroot et al., 2009; Shaw et al., 2008; Uematsu et al., 2012), and, as a result, this 
may represent a window of vulnerability to the adverse effects of concussions and RHI 
(Andersen & Teicher, 2008; Andersen et al., 2008; V. Anderson, Spencer-Smith, et al., 
2011; Bailey et al., 2014; Bardin, 2012). Children are more susceptible to prolonged 
recovery and poor outcomes following traumatic brain injury (TBI), and neuroimaging 
research has revealed persistent structural and functional deficits in after childhood TBI 
(Beauchamp et al., 2011; Ewing-Cobbs et al., 2008; Wilde, Merkley, et al., 2012; T. C. 
Wu et al., 2010). However, more research is needed to elucidate the relationship between 
exposure to RHI during critical periods of development in childhood and later-life 
structural and functional impairments. 
  Diffusion tensor imaging (DTI) is an advanced magnetic resonance imaging 
(MRI) technique that measures the direction and magnitude of the movement of water 
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molecules within brain tissue in order to obtain information about white matter 
microstructure and organization (Basser & Pierpaoli, 1996; Pierpaoli et al., 1996). Water 
molecules generally diffuse along a path parallel to white matter fiber tracts. Myelin and 
cell membranes limit the movement of water molecules, resulting in more directional 
diffusion in regions with a higher fiber density and a greater degree of myelination. 
Fractional anisotropy (FA) is a commonly-used measure of the directionality of diffusion 
within the white matter (Basser & Pierpaoli, 1996). Higher FA values indicate greater 
movement of water molecules along one direction, reflecting better fiber organization. 
Axial diffusivity (AD) and radial diffusivity (RD) represent the diffusion parallel (λ1) and 
perpendicular (λ2 and λ3), respectively, to the primary axis of the fiber orientation (Yeh et 
al., 2012). AD is thought to be a measure of axonal integrity, while RD is thought to 
reflect the degree of myelination (Song et al., 2002). Trace is the sum of RD and AD (i.e. 
λ1 + λ2 + λ3) and is higher in tissues lacking organization due to the ease of multidirectional 
movement of the water molecules in these environments (Basser & Pierpaoli, 1996; 
Pierpaoli et al., 1996). These measures differ depending on the acquisition parameters 
and the specific scanner used (Bigler & Maxwell, 2012; Yeh et al., 2012). Therefore, no 
accepted normative values exist, and it is essential to have a comparison measure, either 
from a healthy control group, comparison group, or a baseline scan, when using this tool 
in research (Bigler & Maxwell, 2012).  
 Diffusion measures evolve along with maturational changes in brain development. 
FA increases throughout brain development to reflect increasing axonal size and 
coherence and progressive myelination (Bosnell et al., 2008; Klingberg et al., 1999; 
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Lebel & Beaulieu, 2011; Lebel et al., 2010; Lebel et al., 2012; Lebel et al., 2008; Snook 
et al., 2005). The increase in FA is driven by decreases in RD that occur with ongoing 
myelination (Bosnell et al., 2008; Qiu et al., 2008). These changes continue into young 
adulthood or later, with some tracts, such as the uncinate fasciculus and cingulum bundle, 
reaching peak FA values in the late 30s (Hasan et al., 2010; Lebel & Beaulieu, 2011; 
Lebel et al., 2012; Lebel et al., 2008). 
Many studies have described altered diffusion in the brain following concussion 
(see Shenton et al. 2012 for a comprehensive review of DTI in mTBI). Both increased 
and decreased FA have been reported and may depend on the post-injury interval of time 
prior to scanning (Bigler & Maxwell, 2012; Lipton et al., 2012; Sasaki et al., 2014). 
Reduced FA following TBI is reported more frequently and may result from 
demyelination, decreased cell membrane integrity, axonal degeneration, and, in chronic 
phases, loss of axonal density (Aoki et al., 2012; Bigler & Maxwell, 2012; Chu et al., 
2010; Henry et al., 2011; Sasaki et al., 2014; Yeh et al., 2012). Increased FA with TBI 
may occur as a result of inflammatory processes within the axon causing axonal swelling 
and restricting extracellular diffusion (Bigler & Maxwell, 2012; Chu et al., 2010; Henry 
et al., 2011; Sasaki et al., 2014; Yeh et al., 2012). Demyelination and/or dysmyelination 
following TBI may increase the space between fibers, resulting in increased RD but 
stable AD (Chu et al., 2010; Yeh et al., 2012). Studies have described both increased and 
decreased AD following TBI, and it has been suggested that differing neurobiological 
processes, including axonal swelling and structural damage to the axon, may contribute to 
different diffusion outcomes (Henry et al., 2011; Yeh et al., 2012). Finally, trace tends to 
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increase following TBI possibly due to neuronal, glial, and/or myelin loss causing an 
expansion of the extracellular space (Ewing-Cobbs et al., 2008; Rugg-Gunn, Symms, 
Barker, Greenwood, & Duncan, 2001).  
Recent evidence has also revealed altered diffusivity following prolonged 
exposure to RHI (Bazarian et al., 2012; Bazarian et al., 2014; Davenport et al., 2014; I. K. 
Koerte, Ertl-Wagner, et al., 2012; I. K. Koerte, Kaufmann, et al., 2012; Lipton et al., 
2013; McAllister et al., 2014). Compared to a control group of competitive swimmers, 
Koerte and colleagues (2012) observed higher RD and AD in several brain regions in 
elite adult soccer players with no history of concussion, only RHI from heading the ball. 
Lipton et al. (2013) studied amateur soccer players and observed reduced FA in multiple 
white matter regions that correlated with self-reported heading exposure over the 
previous year. Several recent studies have used DTI on athletes both preseason and 
postseason to examine changes in diffusivity following one season of exposure to RHI. 
Compared to preseason baseline measures, postseason measures have revealed altered 
diffusivity, most commonly decreased FA and increased MD, AD, and RD, in hockey 
(Bazarian et al., 2012; I. K. Koerte, Kaufmann, et al., 2012) and football players 
(Bazarian et al., 2012; Bazarian et al., 2014; McAllister et al., 2014). In a study of college 
football players, these changes were shown to persist for at least six months following the 
end of the season (Bazarian et al., 2014). Taken together, these studies suggest that 
repeated subconcussive brain injury, in the absence of a symptomatic concussion, may 
result in changes in the brain’s white matter that are detectable with DTI.   
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 The corpus callosum (CC) is the largest commissural fiber tract in the brain 
(Nolte, 2009). This tract is topographically organized, such that the genu, or anterior bend 
of the CC, connects the prefrontal cortex (PFC) of each hemisphere, the body, or middle 
portion, connects the posterior frontal and anterior parietal cortical regions, and the 
isthmus and splenium, or posterior CC regions, connects the posterior parietal, temporal 
and occipital cortices (Chao et al., 2009; Hofer & Frahm, 2006; H. Huang et al., 2005; 
Musiek, 1986; Witelson, 1989). The CC is one of the earliest-maturing white matter 
pathways in the brain, with the genu and splenium reaching 90% of their peak FA by age 
11 (Lebel et al., 2008). A slower rate of increase in FA, suggesting continued 
myelination, continues through adolescence until peak values are reached in early 
adulthood (Bosnell et al., 2008; Hasan et al., 2010; Hasan et al., 2009; Lebel & Beaulieu, 
2011; Lebel et al., 2010; Lebel et al., 2012). A critical period of CC development appears 
to occur between ages 8-12 (Lebel et al., 2008; Snook et al., 2005), with the anterior CC 
undergoing considerable development during that time (Giedd, Blumenthal, Jeffries, 
Rajapakse, et al., 1999; Snook et al., 2005; Spencer-Smith & Anderson, 2009; Thompson 
et al., 2000). Snook and colleagues (2005) observed a greater increase in FA and decrease 
in trace/3, or mean diffusivity, in the genu of the CC compared to the splenium between 
ages 8-12, suggesting more rapid growth of the anterior CC than the posterior CC during 
that time. The splenium also shows considerable maturation during childhood (Brouwer 
et al., 2012; Giedd, Blumenthal, Jeffries, Rajapakse, et al., 1999; Lebel et al., 2010; Lebel 
et al., 2008; Snook et al., 2005), while the maturation of the body of the CC occurs at a 
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more consistent rate through childhood and adolescence (Andronikou et al., 2015; Lebel 
& Beaulieu, 2011; Lebel et al., 2010). 
 Myelination is the primary neurodevelopmental process occurring in the CC in 
childhood, and this process continues into young adulthood (Bosnell et al., 2008; Hasan 
et al., 2009; Lebel et al., 2010; Lebel et al., 2012). However, in the adult brain, 16-30% of 
CC fibers remain unmyelinated (Aboitiz et al., 1992; Fields, 2008). The highest density 
of unmyelinated, small-diameter fibers is found in the genu of the CC (Aboitiz et al., 
1992; Hasan et al., 2009; Hofer & Frahm, 2006; Musiek, 1986). These small-diameter, 
slower-conducting fibers are particularly involved in the transfer of higher-order 
cognitive information (Aboitiz et al., 1992; Luders et al., 2011). Moreover, greater 
restriction of diffusion occurs in CC regions with a higher density of smaller-diameter 
fibers, resulting in a higher FA in healthy individuals (Hofer & Frahm, 2006). CC regions 
with the lowest FA in healthy individuals, including regions connecting the primary 
motor and occipital cortices, contain a lower density of larger, highly-myelinated fibers 
(Aboitiz et al., 1992; Knyazeva, 2013; Musiek, 1986).  
Several factors make the CC particularly vulnerable to injury with head impacts. 
Studies have shown that unmyelinated axons are preferentially susceptible to diffuse 
axonal injury, and, once damaged, these fibers are prone to poor or incomplete recovery 
(Reeves et al., 2005; Reeves et al., 2012). The density and orientation of fibers combined 
with the barrier to brain movement created by the dural reflections contribute to increased 
shear strain on the tract resulting from external, especially rotational, forces (Aoki et al., 
2012; Levin et al., 2000; McAllister et al., 2012; Povlishock, 1992; Povlishock et al., 
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1992). The genu and splenium experience the greatest shear strain (McAllister et al., 
2012; Povlishock, 1992; Povlishock et al., 1992; Yeh et al., 2012) and, not surprisingly, 
are most frequently damaged with TBI (Aoki et al., 2012; Ewing-Cobbs et al., 2008; 
Kumar et al., 2009; Kumar et al., 2010; Mayer et al., 2012; T. C. Wu et al., 2010). 
Consequently, it is possible that the high density of unmyelinated fibers in the genu of the 
CC make this region more vulnerable adverse effects resulting from RHI. 
Research employing DTI have reported altered diffusivity in the corpus callosum 
following both concussion (Aoki et al., 2012; Arfanakis et al., 2002; Bazarian et al., 
2007; Borich, Makan, Boyd, & Virji-Babul, 2013; Chu et al., 2010; Ling et al., 2012; 
Lipton et al., 2012; Mayer et al., 2010; McAllister et al., 2014; McAllister et al., 2012; 
Perez et al., 2014; Wilde et al., 2008) and prolonged exposure to RHI (Bazarian et al., 
2012; Bazarian et al., 2014; I. K. Koerte, Ertl-Wagner, et al., 2012; I. K. Koerte, 
Kaufmann, et al., 2012; McAllister et al., 2014). Although there is a little research in the 
literature studying the CC in children with a concussion, studies combining mTBI with 
moderate and severe injuries have shown alterations in CC diffusivity and structure 
persisting for months to years after a single injury (Ewing-Cobbs et al., 2008; T. C. Wu et 
al., 2010). Both Ewing-Cobbs et al. (2008) and T. C. Wu et al. (2010) observed that 
children who incurred a TBI did not show the maturation-related increases in CC area or 
FA that occurred in their peers with no brain injury, suggesting that TBI in childhood 
may disrupt normal CC development. Diffusivity changes have also been reported in the 
CC following exposure to RHI. Increase AD and RD were found in the CC, especially 
anteriorly, in professional soccer players with no history of a concussion compared to 
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elite swimmers (I. K. Koerte, Ertl-Wagner, et al., 2012). Diffusivity changes in the CC, 
including decreased FA and increased Trace, AD, and RD, have also been observed 
following one season of RHI in college hockey (I. K. Koerte, Kaufmann, et al., 2012; 
McAllister et al., 2014) and football players (Bazarian et al., 2014; McAllister et al., 
2014). The effect of exposure to RHI over one season on CC diffusivity in children under 
age 12 has yet to be examined. 
 Changes in diffusivity have been shown to occur with normal aging (I. J. Bennett, 
Madden, Vaidya, Howard, & Howard, 2010; Hasan et al., 2010; Hasan et al., 2009; Lebel 
et al., 2012; McLaughlin et al., 2007; Sullivan et al., 2006). Age-related decreases in FA 
and increases in RD are thought to be associated with demyelination and reduced axonal 
integrity occurring over time (I. J. Bennett et al., 2010; Sullivan et al., 2006). Anterior 
brain regions appear to be particularly vulnerable to the effects of aging (Abe et al., 2002; 
McLaughlin et al., 2007; Resnick, Lamar, & Driscoll, 2007; Sowell et al., 2003; Sowell, 
Thompson, & Toga, 2004; Sullivan et al., 2006). Age-related axonal loss preferentially 
affects unmyelinated fibers, which are most prevalent in the frontal lobes and genu of the 
CC (Aboitiz et al., 1992; McLaughlin et al., 2007; Sullivan et al., 2006). In a cross-
sectional study, McLaughlin et al. (2007) observed that the FA of elderly participants was 
similar to that of children in the study, suggesting that degeneration with normal aging 
may return white matter integrity to levels analogous to that of immature children. In our 
previous work presented in Chapter Three, we found a greater decrease in FA with age in 
former NFL players who began playing football before age 12 compared to those who 
began playing at age 12 or older. Other studies of older former athletes have observed 
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altered diffusivity (i.e. reduced FA and increased MD and RD) in the CC (Hart et al., 
2013; Tremblay et al., 2014), with anterior regions being most affected (Tremblay et al., 
2014).  Taken together with the abovementioned literature, this work suggests that 
exposure to RHI prior to age 12 may enhance the effects of normal aging later in life, 
especially in the already-vulnerable frontal region.  
Methodologically, this study builds upon the neuroimaging study presented in 
chapter three in two important ways. First, we chose to divide the posterior CC, or 
Region V as described in the study in Chapter Three, into three regions in order to isolate 
fibers projecting to the parietal, temporal, and occipital cortices. Fibers connecting 
parietal and temporal regions across hemispheres are generally smaller in diameter and, 
in some cases, unmyelinated (Aboitiz et al., 1992). In contrast, fibers connecting the 
occipital regions are large and highly myelinated (Aboitiz et al., 1992). As suggested by 
Reeves and colleagues (2005; 2012), these fiber types may respond differently to diffuse 
axonal injury resulting from RHI.  Therefore, it is possible that any differences in these 
regions between AFE groups in the study from Chapter Three may have been diminished 
by combining these varying fiber types with differing cortical destinations into one 
region. To account for this, we examined the parietal, temporal, and occipital fibers 
separately, with the hypothesis that diffusion measures would differ between groups in 
the parietal and temporal fibers but not the more resilient occipital fibers. 
Second, the two-tensor tractography method used in this study has several 
advantages over the single-tensor method used in chapter three. Deterministic single-
tensor tractography directly follows the principle direction of the diffusion pathways and 
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fits the tractography model for each voxel independently (Malcolm, Michailovich, et al., 
2010; Malcolm, Shenton, & Rathi, 2010; Yeh et al., 2012). Although this method takes 
far less time and computational power, it lacks the angular resolution to reconcile 
complex fiber configurations (Kubicki et al., 2011; Quan et al., 2013). In this study we 
used an unscented Kalman filter (UKF) based two-tensor tractography algorithm that was 
created in our lab (Malcolm, Michailovich, et al., 2010; Malcolm, Shenton, et al., 2010). 
Rather than treating each voxel independently, this algorithm recursively traces local 
fiber orientations by using the estimation of the direction at the previous position to guide 
the propagation at the current position. This model increases the angular resolution in 
areas of crossing fibers and more accurately determines the individual orientations of 
fibers (Malcolm, Michailovich, et al., 2010; Malcolm, Shenton, et al., 2010; Rathi et al., 
2011). This is particularly important for the CC. Due to the inability of the single-tensor 
model to resolve the crossing fibers of the corticospinal and other intersecting tracts, only 
the U-shaped fibers of the CC are generated with this model (Malcolm, Michailovich, et 
al., 2010; Malcolm, Shenton, et al., 2010), as demonstrated in chapter 3. The UKF two-
tensor method overcomes this limitation and, therefore, is capable of revealing CC fibers 
projecting to lateral cortical and temporal regions (Figure 4.1). 
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Figure 4.1. Anterior view of corpus callosum tractography using single-tensor (A) and 
two-tensor (B) methods. 
 
 The goal of this study was to use this advanced DTI technique in combination 
with neuropsychological testing to examine later-life corpus callosum structure and brain 
function in 24 former NFL players who began playing tackle football prior to age 12 
compared to 24 former NFL players who began playing tackle football at age 12 or later. 
First, we used two-tensor tractography to examine the structural integrity of fibers in the 
whole CC and seven subregions containing fibers connecting the prefrontal, 
premotor/supplementary motor, primary motor, primary sensory, parietal, temporal, and 
occipital cortices. Next, in order to replicate the results from Chapter Two in this larger 
sample, we compared performance on tests of executive functioning, memory, and 
estimated verbal IQ in each AFE group. Then we examined the association between DTI 
  
83
measures and both neuropsychological tests and self-report measures of mood and 
executive functioning. Finally, in an effort to better understand our results, we also 
compared DTI measures for the whole CC and seven subregions between all NFL players 
and ten former elite non-contact sport athlete control subjects. We hypothesized that: 1) 
former NFL players in the AFE <12 group would have lower FA; higher Trace, RD, and 
AD; and poorer performance on neuropsychological testing compared to those in the 
AFE <12 group, 2) the DTI measures would be associated with the neuropsychological 
testing performance and difficulties with mood and executive functioning, and 3) the 
former NFL players would have significantly lower FA and increased trace, AD, and RD 
than the control subjects.  
  
METHODS 
This project was part of an ongoing study aimed at developing methods for 
diagnosing the neurodegenerative disease CTE during life. Procedures for this study, 
called Diagnosing and Evaluating Traumatic Encephalopathy using Clinical Tests 
(DETECT), are described elsewhere (Stamm et al., 2015). All study procedures were 
approved by the Boston University Medical Center Institutional Review Board.  
Additionally, the Partners Institutional Review Board approved all neuroimaging 
procedures. All participants provided written informed consent prior to participation in 
the DETECT study.  
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Participants 
Former National Football League (NFL) players and a control group of former 
elite non-contact-sport athletes from DETECT were included in this study. All 
participants in the DETECT study are males ages 40-69 with English as their primary 
language. Exclusion criteria for all subjects include general lumbar puncture and MRI 
contraindications as well as a diagnosis of any other neurologic disease. Specific 
inclusion criteria for the former NFL players are a minimum of two years of play in the 
NFL and 12 years of organized football participation, and self-report of cognitive, 
behavioral, and mood symptoms for at least 6 months prior to screening. To be included 
in the study, control subjects bust have played a minimum of four years of organized non-
contact sports with two or more years at the college or higher level. Acceptable sports 
may include swimming, rowing, fencing, tennis, squash, racquetball, table tennis, short 
distance running, golf, sailing, volleyball, and weight lifting. Control subjects would be 
excluded from the study if they have a history of: participation in high risk or contact 
sports at any level, including football, hockey, rugby, soccer, lacrosse, wrestling, 
basketball, gymnastics, martial arts, and kickboxing; military participation; dementia 
diagnosis; or brain injury determined by self-report or in response to specific questions in 
the screening process (i.e. Have you ever had a hit to the head that caused you to lose 
consciousness, have memory loss, vomit, or have headaches). Control subjects also must 
not meet the criteria for CTE, as described by Montenigro et al. (2014). 
Of the 86 eligible former NFL players who had participated in the DETECT study 
at the time of this analysis, imaging data was not acquired on three of them. An additional 
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12 cases were excluded due to motion artifact, leaving 71 eligible former NFL players for 
this analysis. A significant difference in age between AFE groups existed when all 71 
former NFL players were included (AFE <12 N=29 Mean=50.6 years, SD=6.4; AFE ≥12 
N=42, Mean=56.7 years, SD=7.4; p=0.001). In addition to the age difference, the style of 
football play may have changed between the 1960s and 1990s. This may result in era-
related differences in the nature of RHI experienced by the participants in this study. To 
account for these factors, age-matched pairs were selected a priori for subsequent 
analyses, such that one subject from the AFE <12 group was randomly paired with a 
subject from the AFE ≥ 12 group. Twenty-three subjects could not be matched with a 
participant in the other AFE group within 2 years of age. Forty-eight subjects were 
matched within two years of age, with each AFE group having 24 subjects (age at scan 
range = 40-65). As alterations in diffusivity have been noted in the CC with normal aging 
(Hasan et al., 2009; Lebel et al., 2012; McLaughlin et al., 2007; Ota et al., 2006; Sullivan 
et al., 2006), focusing on age-matched pairs was considered more important to the 
methods of this study than including a larger sample size of former NFL players. 
Furthermore, the standard error of the mixed-effects regression estimates (see the 
“Statistics” section of these methods) was reduced by using the age matched pairs, 
resulting in increased power for detecting clinically significant differences.  
Of the 18 eligible control subjects, three subjects were excluded due to motion 
artifact, two were excluded due to abnormal MRI findings, and one was excluded due to 
a history of contact sport participation revealed during the athletic history portion of the 
history interview. Two of the remaining twelve control subjects were excluded because 
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they fell above the age range of the NFL subjects. Therefore, ten control subjects were 
included in the study.  
 
Head Impact Exposure Variables 
 AFE to tackle football was used as a dichotomous variable in this study to divide 
subjects into two groups: those who began playing tackle football before age 12 and those 
who began playing tackle football at age 12 or later. Both total duration of football play 
(i.e. total number of years) and number of years played in the NFL differed significantly 
between groups. The AFE <12 group played football 2.3 years more in total but 1.6 years 
less in the NFL than the AFE ≥12 group. Therefore, these measures were treated as 
continuous variables and used as covariates.  
 
MRI Acquisition 
 Diffusion weighted images (DWI) were acquired on a 3T MR scanner (TIM 
Verio, Siemens Healthcare, Erlangen, Germany) with a 32 channel head coil. The 
following parameters were used with an echo planar imaging DWI sequence: TR 11700 
ms, TE 85 ms, FOV 256 mm, 128x128 matrix, slice thickness of 2.0 mm, parallel 
imaging using GRAPPA with acceleration factor 3. Seventy-three slices were acquired 
using 87 diffusion directions, consisting of 80 diffusion-weighted images with a b-value 
of 900s/mm2 and seven images with b-value of 0s/mm2 for anatomical reference. 
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Post-Processing of Diffusion Tensor Imaging Data 
 Intrascan misalignments due to eddy currents and head motion were removed by 
performing affine registration to the DWI baseline image (FSL 4.1, FMRIB Software 
Library, The Oxford Centre for Functional MRI of the Brain, Oxford, United Kingdom). 
Using in-house software, and automated evaluation of DWI images was performed to 
identify motion artifact. This resulted in the elimination of four cases. Additionally, all 87 
directions of the DWI were visually inspected, which resulted in the elimination of 8 
additional cases. Visual inspection also revealed dropped signals in three or fewer 
directions for six cases (AFE <12 = 1, AFE ≥ 5 = 5 cases). We excluded the affected 
diffusion directions and gradient information to remove possible adverse effects of the 
dropped signals using in-house software and obtained a corrected DWI file for each of 
the six participants. Three directions were removed in one case, two directions were 
removed in three cases, and one direction was removed in one case.  
 
Corpus Callosum Regions of Interest and Tractography 
 All of the following procedures were conducted blind to the participant’s group 
membership. 3D slicer software package version 4.3.1 (http://www.slicer.org, Surgical 
Planning Laboratory, Brigham and Women’s Hospital, Boston, Massachusetts, USA) was 
used to manually define the whole CC on the midsagittal slice and one to each side of the 
midsagittal slice on the color-oriented FA map (n=3 slices). Division of the CC into 
seven subregions was performed based on methods employed by Caeyenberghs et al. 
(2011) and Gooijers et al. (2013), which involved a combination of methods described by 
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Hofer and Frahm (2006) and H. Huang et al. (2005). Based on methods described by 
Hofer and Frahm (2006), the whole CC label may was mathematically subdivided into 
five regions. The posterior one fourth of the CC was then further subdivided based on the 
approach used by H. Huang et al. (2005) in order to isolate temporal, parietal, and 
occipital fibers. This method included the addition of regions of interest (ROIs) in 
coronal sections. At the deep edge of the parietal-occipital sulcus, ROIs were drawn 
superior and inferior to the parietal-occipital sulcus to isolate the parietal and occipital 
regions, respectively. The temporal ROI was drawn on a coronal slice just anterior to the 
splenium in which the temporal CC fibers, or tapetum, could be clearly seen.   In total, 
seven subregions were defined (Figure 4.2), containing commissural fibers of prefrontal 
(region I), premotor and supplementary motor (region II), primary motor (region III), 
sensory (region IV), parietal (region V), temporal (region VI) and occipital (region VII). 
  
89
 
Figure 4.2. Two-tensor tractography of the corpus callosum.  The corpus callosum was 
subdivided into seven subregions containing commissural fibers of prefrontal (region I), 
premotor and supplementary motor (region II), primary motor (region III), sensory 
(region IV), parietal (region V), temporal (region VI) and occipital (region VII) cortical 
areas. (Hofer & Frahm, 2006; H. Huang et al., 2005). Tracts were obtained using a UKF-
based two tensor tractography algorithm to trace fiber paths through the regions of 
interest. 
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 A UKF-based two-tensor tractography algorithm developed in our lab was used to 
trace fiber pathways throughout the whole brain (Malcolm, Michailovich, et al., 2010; 
Malcolm, Shenton, et al., 2010). Seeding occurred in all voxels with a generalized 
anisotropy greater than 0.18, and each voxel was randomly seeded ten times.  Each fiber 
pathway was traced from the seed point to its end, with a stopping criteria of FA<0.15 for 
the primary tensor component. After using this method to obtain fibers from the whole 
brain, fibers passing through the CC regions of interest were extracted using in-house 
software. For the parietal, occipital, and temporal regions, fibers passing through both the 
posterior one fourth of the CC and the additional respective ROI in the coronal section 
were extracted. Exclusion ROIs were used in the axial plane at the level of the superior 
thalamus and rostral midbrain to eliminate corticothalamic, corticospinal, corticobulbar, 
and fornix fibers and ensure that only CC fibers were included. Each tractography output, 
including the whole CC and each subregion, was inspected. If fibers representing non-
callosal tracts (e.g. the uncinate fasciculus, cingulum bundle, inferior longitudinal 
fasciculus, inferior fronto-occipital fasciculus, or arcuate fasciculus) were present, these 
were manually removed. Mean FA, Trace, AD, and RD were measured from each tract.  
 
Neuropsychological and Mood Assessments 
 All DETECT participants complete a comprehensive neuropsychological testing 
battery. The tests chosen for DETECT have been shown to be sensitive to both repeated 
mTBI (Belanger, Spiegel, & Vanderploeg, 2010) and neurodegenerative disease (Gavett 
et al., 2009; Strauss et al., 2006). The Wisconsin Card Sort Test (WCST), 
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Neuropsychological Assessment Battery List Learning test (NAB LL), and the Wide 
Range Achievement Test – Fourth Edition (WRAT-4) reading subtest were used to 
replicate the findings from chapter two with this larger sample. In addition to these tests, 
the following tests were also chosen for correlational analysis with between cognitive 
function and diffusion measures: Rey-Osterrieth Complex Figure (scored according to the 
Boston Qualitative Scoring System), the NAB Naming and Map Reading tests, the 
Grooved Pegboard test, Trail Making Test parts A and B, the Controlled Oral Word 
Association Test, Animal Fluency, and the Delis-Kaplin Executive Function System (D-
KEFS). These tests were chosen based on studies of long-term cognitive impairment 
following pediatric TBI (Baillargeon et al., 2012; Crowe et al., 2012; Davenport et al., 
2014; Field et al., 2003; Moser et al., 2005; Zuckerman et al., 2012) and the potential for 
functional association with specific CC subregions (Table 4.1; Arenth, Russell, Scanlon, 
Kessler, & Ricker, 2014; Ewing-Cobbs et al., 2008; Gooijers et al., 2013; Jokinen et al., 
2007).  
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Table 4.1. Neuropsychological Tests and Hypothesized CC Regional Correlations 
Test Functions Tested Hypothesized 
CC Regional 
Correlations
WRAT-4a Premorbid intelligence I, V, VI 
Wisconsin Card Sort 
Testb 
Executive Functioning (Set shifting and 
maintenance, response inhibition, utilizing 
feedback), concept formation 
I, V, VI 
Trails Ac Cognitive Processing Speed, psychomotor 
speed 
I , II, III 
Trails Bc Executive function, task switching, visual 
attention, set maintenance  
I, V, VI, VII 
Rey Osterrieth 
Complex Figured 
Visuospatial V, VI 
Executive functions, attention, planning, 
working memory 
I, V 
Immediate & Delayed Memory VI 
Grooved Pegboarde Fine Motor Speed, Hand eye coordination II, III, IV 
NAB List Learningf Working Memory, Delayed Memory, Recall I, V, VI 
NAB Map Readingf Visuospatial V 
Controlled Oral Word 
Association Testg   
Phonemic verbal fluency I, VI 
Animal Fluencyg Semantic verbal fluency VI, I 
D-KEFS Color Word 
Interference Testh 
Inhibitory Control  
Cognitive Flexibility 
I 
 
a (Wilkinson & Robertson, 2006) 
b (Heaton, Chelune, Talley, Kay, & Curtiss, 1993) 
c (Reitan, 1992) 
d (R. A.  Stern et al., 1999) 
e (Trites, 1989) 
f (R. A. Stern & White, 2003) 
g (Tombaugh, Kozak, & Rees, 1999) 
h (Delis, Kaplan, & Kramer, 2001) 
 
Additionally self-report measures of executive functioning, mood, and behavior 
were included for correlational analysis: Behavior Rating Inventory of Executive 
Functioning-Adult Version (Roth, Isquith, & Gioia, 2005), Buss-Durkee Hostility 
Inventory (Buss & Durkee, 1957), Beck Depression Inventory (Beck, Ward, Mendelson, 
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Mock, & Erbaugh, 1961), and Beck Hopelessness Scale (Beck, Weissman, Lester, & 
Trexler, 1974). Depression, behavioral instability, and executive function have been 
shown to be associated with CC integrity (V. Anderson, Spencer-Smith, et al., 2010; Di 
Paola et al., 2015; Schutter & Harmon-Jones, 2013; J. Zhang et al., 2014). 
 
Statistical Analysis 
 All analyses were conducted using SAS 9.3. Important factors to consider in this 
analysis included the use of paired subjects, outcome measures that are related to each 
other, and covariates. Simply using a paired T-test to account for the age-matched pairs in 
comparisons between AFE groups would not allow for the use of covariates. Therefore, a 
hierarchal linear mixed-effects model was used for all analyses. For all analyses except 
the comparison of diffusion measures between former NFL players and control subjects, 
this model adjusted for correlations within age-matched pairs, between outcomes from 
the same subject, and between outcomes of the same test (i.e. different measures from the 
WCST or diffusion measures, which are calculated from the same eigenvalues). 
Additional covariates were used for specific analyses, as described in the following 
sections. In this model biases toward the null hypothesis, such that outcomes must be 
consistent in order to be found significantly different. If variability exists within the 
outcomes, the model will bias toward the null and the likelihood of finding a significant 
result will be reduced. As a result, the use of methods to correct for multiple comparisons 
(i.e. the Bonferroni correction) was not warranted.  
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 In the first analysis we used the hierarchal linear mixed-effects model to 
determine the effect of AFE group on the DTI measures. Covariates included in this 
model were total duration of football, total duration of play in the NFL, and body mass 
index (BMI). BMI was included because it has been shown to be negatively correlated 
with integrity of the corpus callosum (Xu et al., 2013). This model was also used to 
analyze the interaction between age and FA within each AFE group, with current age 
being used as a predictor of FA.  
The second analysis attempted to replicate findings from Chapter Two in which 
the WCST, NAB LL, and WRAT-4 Reading tests were compared between AFE groups. 
For the WCST and NAB LL measures, raw scores were converted to T-scores based on 
demographically-corrected normative data, and WRAT-4 reading raw scores were 
converted to age-corrected standard scores. In this analysis, the model also adjusted for 
total duration of play, duration of play in the NFL, and education.  
  Next, we investigated the association between clinical measures and diffusion 
measures. BMI, education, and duration of play were used as covariates in this analysis. 
In order to examine the association between a specific test and diffusion outcomes, each 
test was used as a predictor of diffusion outcome in the model.  
 Finally, we used a similar hierarchal linear mixed-effects model to compare 
diffusion measures between NFL players and controls. Although there was no need to 
account for paired subjects within this analysis, the model did account for correlations 
between outcomes from the same subject and between diffusion measures from each 
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region. The model also accounted for the interaction between BMI and diffusion 
measures within the former NFL players and control subjects.  
 
RESULTS 
Participant Demographics and Athletic History 
Demographic information and athletic history for the NFL players in each AFE 
group can be found in Table 4.1. AFE across the 48 former NFL players ranged from 6-
17 years (Median = 11.5 years old). Duration of football play (AFE <12 Mean=20.0 
years, SD=3.7; AFE ≥12 Mean=17.7 years, SD=3.0; p=0.041) and number of years 
played in the NFL (AFE<12 Mean=7.5, SD=2.3; AFE ≥12 Mean=9.1, SD=2.8; p=0.035) 
differed significantly between these two age-matched groups. Primary position was also 
found to be significantly different between groups (p=0.034). 
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Table 4.2.  Demographic and Athletic Information for Former NFL 
Players by AFE Group 
 
 Mean (SD) 
T Value P Value  
AFE <12 
yrs 
(n=24) 
AFE >12 
yrs 
(n=24) 
Age at Scan (yrs) 51.5 (6.5) 52.0 (6.4) -0.29 0.773 
Age of First Exposure to Tackle 
Football (yrs)  9.0 (1.4) 13.9 (1.4) -12.17 <0.000 
Education (yrs) 16.6 (1.0) 16.4 (1.1) 0.55 0.589 
Duration of Football Play (yrs) 20.0 (3.7) 17.7 (3.0) 2.12 0.041 
Duration of play in the NFL (yrs) 7.5 (2.3) 9.1 (2.8) -2.17 0.035 
*Total Number of Concussions, 
Median (IQR) 
310.4 
(606.3) 
553.0 
(1303.5) -0.83 0.413 
Body Mass Index  31.2 (3.8) 33.5 (5.0) -1.76 0.086 
Race, African American, N (%) 9 (37.5%) 12 0.76 0.383a 
Primary Position Group, N (%)    12.05 0.017b 
Offensive Line, N (%) 1 (4.2%) 9 (37.5%)   
Running Back, N (%) 1 (4.2%) 1 (4.2%)   
Tight End, N (%) 2 (8.3%) 1 (4.2%)   
Defensive Line, N (%) 4 (16.7%) 5 (20.8%)   
Linebacker, N (%) 7 (29.2%) 4 (16.7%)   
Defensive Back, N (%) 9 (37.5%) 2 (8.3%)   
Played Other Contact Sport, N 
(%) 6 (25.0%) 10 (41.7%) 1.50 0.221a 
Use of Performance Enhancing 
Drugs, N (%) 4 (16.7%) 2 (8.3%) 0.49 0.669b 
Significant use of Alcohol, N (%) 13 (54.1%) 14 (58.3%) 0.09 0.771a 
Significant use of Illicit Drugs, N 
(%) 15 (62.5%) 14 (58.3%) 0.09 0.768a 
Hypertension, N (%) 14 (58.3%) 10 (41.7%) 1.33 0.248a 
High Cholesterol, N (%) 10 (41.7%) 13 (54.1%) 0.35 0.555a 
Heart Disease, N (%) 1 (4.2%) 2 (8.3%) 0.41 0.608b 
Diabetes, N (%) 1 (4.2%) 3 (12.5%) 1.19 0.348b 
*After being given a modern definition of concussion (Robbins et al., 2014) 
a Chi-square test 
b Fisher’s exact test 
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Demographic information for all former NFL players and control subjects are 
presented in Table 4.2. The control group had a mean age of 54.2 years (SD=6.3 Range = 
45-64 years), while the whole NFL group had a mean age of 51.8 years (SD=58.1, Range 
= 45-65 years). Race differed significantly between groups, with 21 African American 
subjects in the NFL group and no African American subjects in the control group 
(p=0.009). BMI (NFL group Mean=32.4, SD=4.6; Control group Mean=28.7, SD=3.7; 
p=0.023) and diagnosis of high cholesterol (NFL group = 23; Control group = 1; 
p=0.032) 
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Table 4.3.  Demographic and Information for All Former NFL Players 
and Control Subjects 
 
 Mean (SD) T Value 
P 
Value 
 
Former 
NFL 
Players 
(n=48) 
 
Control 
Subjects 
(n=10) 
  
Age at Scan (yrs) 51.8 (6.4) 54.2 (6.3) -1.09 0.279 
Education (yrs) 16.5 (1.1) 17.4 (1.8) -1.50 0.164 
Duration of Sport Participation (yrs) 19.0 (3.5) 14.6 (6.7) 2.00 0.073 
Body Mass Index  32.4 (4.6) 28.7 (3.7) 2.34 0.023 
Race, African American, N (%) 21 (43.8%) 0 (0%) 6.86 0.009 a 
Primary Sport 
Crew/Rowing N (%) - 1 (10%)   
Baseball N (%) - 1 (10%)   
Swimming N (%) - 8 (80%)   
Football N (%) 48 (100%) -   
Use of Performance Enhancing 
Drugs, N (%) 6 (12.5%) 0 (0.0%) 1.57 0.581 a 
Significant use of Alcohol, N (%) 27 (56.3%) 3 (30.0%) 2.28 0.173 a 
Significant use of Illicit Drugs, N 
(%) 29 (60.4%) 5 (50.0%) 0.37 0.726 a 
Hypertension, N (%) 24 (50.0%) 3 (30.0%) 1.33 0.311 a 
High Cholesterol, N (%) 23 (47.9%) 1 (10.0%) 5.37 0.032 a 
Heart Disease, N (%) 3 (6.3%) 0 (0.0%) 0.71 1.000 a 
Diabetes, N (%) 4 (8.3%) 0 (0.0%) 0.92 1.000 a 
*After being given a modern definition of concussion (Robbins et al., 2014) 
a Fisher’s exact test 
b Fisher’s exact test 
 
AFE Group Comparison: Diffusion Measures 
 Results from the comparison of diffusion measures between AFE groups can be 
found in Table 4.4. There were no statistically significant differences in diffusion 
measures between AFE groups. There was a trend toward significance for FA in Region 
II (Estimated Difference = 0.00945, SE=0.00496, p=0.058). 
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Table 4.4.  Comparison of diffusion measures between AFE Groups. 
 
AFE <12 yrs 
(n=24) 
AFE >12 yrs 
(n=24) 
Adjusted 
Estimated 
Difference  
(AFE ≥12 - 
AFE <12) 
SE P Value
Mean  SD Mean SD 
Whole 
CC 
FA 0.60339 0.01770 0.60742 0.01951 0.00726 0.0039 0.064
Trace 0.00244 0.00008 0.00242 0.00010 -2.60280 1.9928 0.192
AD 0.00148 0.00006 0.00148 0.00006 -0.22180 0.9625 0.818
RD 0.00048 0.00002 0.00047 0.00003 -1.10570 0.6734 0.102
Region 
I  
FA 0.57493 0.02049 0.57130 0.02066 -0.00040 0.0048 0.934
Trace 0.00235 0.00008 0.00236 0.00011 -0.55620 2.1992 0.801
AD 0.00140 0.00006 0.00139 0.00007 -0.39180 0.9858 0.691
RD 0.00048 0.00002 0.00048 0.00003 0.00261 0.7276 0.997
Region 
II 
FA 0.59777 0.01828 0.60398 0.02380 0.00944 0.0050 0.058
Trace 0.00230 0.00011 0.00230 0.00010 -0.59590 2.2311 0.790
AD 0.00140 0.00006 0.00141 0.00006 1.12800 1.1544 0.329
RD 0.00045 0.00003 0.00045 0.00003 -0.77710 0.7481 0.300
Region 
III 
FA 0.63334 0.02555 0.63131 0.02142 0.00122 0.0054 0.820
Trace 0.00230 0.00010 0.00231 0.00012 0.05872 2.5987 0.982
AD 0.00146 0.00007 0.00146 0.00007 -0.02807 1.4461 0.985
RD 0.00042 0.00003 0.00043 0.00004 0.12820 0.8252 0.877
Region 
IV 
FA 0.62333 0.03073 0.62785 0.03211 0.00776 0.0074 0.293
Trace 0.00239 0.00010 0.00238 0.00011 -2.34420 2.7204 0.389
AD 0.00150 0.00007 0.00150 0.00007 -0.21710 1.3207 0.870
RD 0.00045 0.00004 0.00044 0.00004 -0.97870 1.1224 0.384
Region 
V 
FA 0.62823 0.02196 0.63077 0.03012 -0.01447 0.0201 0.473
Trace 0.00237 0.00008 0.00238 0.00012 -7.35860 7.7686 0.344
AD 0.00148 0.00006 0.00149 0.00007 -3.72030 4.6879 0.428
RD 0.00044 0.00003 0.00044 0.00004 -1.73430 1.6486 0.294
Region 
VI 
FA 0.61228 0.03474 0.60471 0.03715 -0.00434 0.0090 0.632
Trace 0.00268 0.00013 0.00267 0.00011 -2.40330 3.8252 0.530
AD 0.00162 0.00007 0.00159 0.00005 -2.02780 1.7375 0.244
RD 0.00053 0.00004 0.00054 0.00005 -0.10290 1.3543 0.940
Region 
VII 
FA 0.62845 0.02244 0.62836 0.02829 0.00315 0.0057 0.582
Trace 0.00264 0.00013 0.00261 0.00014 -3.38510 3.3961 0.320
AD 0.00164 0.00008 0.00163 0.00010 -2.46690 3.5611 0.489
RD 0.00050 0.00004 0.00049 0.00004 -1.02290 1.0591 0.335
Adjusted for duration (years) of football and body mass index. 
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We also investigated the effect of age on diffusion measures in each AFE group, and 
these results are shown in Table 4.5. Those in the AFE <12 group had a greater decrease 
in FA with age when compared to the AFE ≥ group (Figure 4.3). No differences in were 
observed for trace, AD, or RD. 
 
 
 
Figure 4.3. Scatter plots displaying the group x age interaction for FA in corpus callosum 
Region II. There is a significantly greater decrease in FA with age in former professional 
football players who started playing tackle football before age 12 compared to those who 
began playing tackle football at age 12 or later. 
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Table 4.5.  Age of First Exposure Group by Age at Scan Interaction for FA  
 Estimated Difference in Slope (AFE ≥12 – AFE <12) 
Standard 
Error P Value 
FA 
Whole CC 0.000138 0.000075 0.067 
Region I 0.000008 0.000092 0.929 
Region II 0.000202 0.000095 0.035 
Region III 0.000020 0.000105 0.845 
Region IV 0.000127 0.000141 0.370 
Region V -0.000230 0.000384 0.544 
Region VI -0.000090 0.000173 0.616 
Region VII 0.000054 0.000110 0.624 
Trace 
Whole CC -0.04838 0.03851 0.210 
Region I -0.00895 0.04234 0.833 
Region II -0.01424 0.04336 0.743 
Region III 0.00331 0.05006 0.947 
Region IV -0.03761 0.05224 0.472 
Region V -0.10830 0.15020 0.471 
Region VI -0.05310 0.07267 0.465 
Region VII -0.07197 0.06597 0.276 
AD 
Whole CC -0.00392 0.01853 0.833 
Region I -0.00486 0.01948 0.803 
Region II 0.02270 0.02283 0.321 
Region III -0.00016 0.02772 0.996 
Region IV -0.00323 0.02568 0.900 
Region V -0.05692 0.09012 0.528 
Region VI -0.04437 0.03464 0.201 
Region VII -0.07253 0.10060 0.472 
RD 
Whole CC -0.02117 0.01307 0.106 
Region I -0.00099 0.01391 0.944 
Region II -0.01741 0.01431 0.225 
Region III 0.00279 0.01602 0.862 
Region IV -0.01613 0.02149 0.454 
Region V -0.02462 0.03209 0.443 
Region VI -0.00330 0.02524 0.896 
Region VII -0.02061 0.02031 0.311 
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AFE Group Comparison: WCST, NAB LL, and WRAT-4 Reading 
 Results for the comparison if the WCST, NAB LL, and WRAT-4 Reading are 
shown in Table 4.6.  Consistent with the findings in Chapter 2, those in the AFE <12 
group performed significantly worse on all measures except for the long delay trial of the 
NAB LL test.  
 
Table 4.6. Group differences for outcomes adjusted for age and duration of 
football play  
 Mean (SD) Difference 
(AFE  <12 -  
AFE ≥12) 
Pooled 
SE 
T 
Value 
P 
ValueOutcomes 
AFE <12 
yrs 
(n=24) 
AFE >12 
yrs 
(n=24) 
WRAT-4 Reading 
Standard Score 
94.75 
(8.93) 
103.33 
(11.30) 
-12.0635 3.5673 -3.38 0.0008
WCST % Errors T-
score 
37.50 
(8.55) 
43.48 
(10.22) 
-8.7093 3.5961 -2.42 0.0159
WCST % 
Perseverative 
Responses T-score 
39.64 
(7.63) 
45.30 
(8.50) 
-8.3315 3.5961 -2.32 0.0211
WCST % 
Perseverative 
Errors T-score 
39.23 
(8.22) 
45.43 
(8.98) 
-8.712 3.5961 -2.42 0.0159
WCST % Non-
Perseverative 
Errors T-score 
37.68 
(8.24) 
42.52 
(10.18) 
-7.3814 3.5961 -2.05 0.0408
WCST % 
Conceptual Level 
Responses T-score 
37.64 
(8.35) 
43.39 
(10.40) 
-8.2908 3.5961 -2.31 0.0217
NAB LL 
Immediate Recall 
T-score 
41.29 
(7.45) 
47.08 
(9.55) 
-8.2769 3.5673 -2.32 0.0209
NAB LL Short 
Delay T-score 
45.88 
(11.29) 
50.71 
(14.41) 
-7.0371 3.5673 -1.97 0.0493
NAB LL  Long 
Delay T-score 
44.00 
(13.78) 
46.96 
(16.12) 
-3.1754 3.5673 -0.89 0.374 
 
 
  
103
AFE Group Comparison of Associations between Diffusion and Clinical Measures 
 Analysis of association between diffusion and clinical measures revealed that all 
diffusion measures were significantly associated with several measures of cognition, 
behavior, and mood. The results these correlations are shown in the Appendix. Of 
particular interest, a significant difference between AFE groups in association between 
diffusion measures and neuropsychological testing measures were found for most tests 
that also differed between AFE groups in the above analysis: WCST % perseverative 
errors (%PE), % conceptual level responses (%CLE), % non-perseverative errors 
(%NPE), % perseverative responses (%PR), % errors (%E); NAB LL Immediate Recall 
(IR); and WRAT-4 Reading (Table 4.7). This suggests that the association between these 
tests and the diffusion measures in the AFE <12 group compared to the AFE ≥12 group, 
with the association being stronger in the AFE ≥12 group.  
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Table 4.7. AFE group comparison of association between diffusion measures and 
neuropsychological tests.  
 AFE  
FA Trace AD RD 
T -
Value
P-
Value
T -
Value
P-
Value
T -
Value
P-
Value 
T -
Value
P-
Value
Whole CC 
WCST %E <12 3.12 0.018 2.24 0.016 2.82 0.016 3.13 0.017≥12 3.6 2.79 3.38 3.92 
WCST %PE  <12 3.26 0.007 2.41 0.005 2.99 0.005 3.37 0.006≥12 3.75 2.98 3.58 4.21 
WCST %NPE  <12 3.13 0.059 2.26 0.055 2.83 0.054 3.16 0.059≥12 3.52 2.7 3.29 3.78 
WCST %PR <12 3.29 0.009 2.45 0.007 3.03 0.007 3.43 0.008≥12 3.74 2.97 3.57 4.2 
WCST %CLR  <12 3.13 0.022 2.26 0.020 2.83 0.019 3.15 0.022≥12 3.59 2.78 3.38 3.91 
NAB LL IR  <12 3.39 0.013 2.58 0.007 3.16 0.009 3.64 0.005≥12 3.85 3.12 3.72 4.45 
WRAT-4 
Reading 
<12 7.33 0.004 7.46 0.001 8.16 0.002 10.69 0.001≥12 8.02 8.23 8.96 11.8 
Region I 
WCST %E <12 2.72 0.010 2.65 0.020 3.34 0.016 3.29 0.030≥12 3.25 3.24 3.98 4.07 
WCST %PE  <12 2.8 0.003 2.83 0.008 3.54 0.005 3.52 0.013≥12 3.43 3.44 4.2 4.35 
WCST %NPE <12 2.73 0.037 2.67 0.067 3.35 0.053 3.32 0.091≥12 3.17 3.14 3.87 3.94 
WCST %PR <12 2.92 0.004 2.87 0.010 3.59 0.007 3.58 0.017≥12 3.42 3.43 4.2 4.35 
WCST %CLR  <12 2.73 0.013 2.66 0.002 3.35 0.019 3.31 0.037≥12 3.25 3.23 3.97 4.06 
NAB LL IR  <12 3.03 0.006 3.01 0.011 3.74 0.010 3.78 0.015≥12 3.55 3.59 4.36 4.57 
WRAT-4 
Reading 
<12 7.57 0.001 9.26 0.005 9.47 0.003 10.64 0.014≥12 9.31 9.08 10.35 11.75
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Table 4.7 (Continued). AFE group comparison of association between diffusion 
measures and neuropsychological tests.  
 AFE  
FA Trace AD RD 
T -
Value
P-
Value
T -
Value
P-
Value
T -
Value
P-
Value 
T -
Value
P-
Value
Region II 
WCST %E <12 2.94 0.022 3.28 0.020 3.6 0.023 4.24 0.021≥12 3.45 3.91 4.23 5.11 
WCST %PE  <12 3.09 0.009 3.47 0.008 3.79 0.009 4.53 0.009≥12 3.62 4.13 4.45 5.45 
WCST %NPE <12 2.95 0.071 3.29 0.063 3.61 0.071 4.27 0.064≥12 3.38 3.8 4.12 4.96 
WCST %PR <12 3.12 0.012 3.52 0.010 3.84 0.012 4.61 0.011≥12 3.61 4.13 4.44 5.45 
WCST %CLR  <12 2.95 0.028 3.29 0.024 3.61 0.028 4.26 0.026≥12 3.45 3.9 4.22 5.1 
NAB LL IR  <12 3.23 0.014 3.68 0.012 3.99 0.015 4.84 0.011≥12 3.74 4.3 4.61 5.71 
WRAT-4 
Reading 
<12 7.46 0.006 9.39 0.004 9.56 0.006 12.78 0.006≥12 8.2 10.28 10.46 13.96
Region III 
WCST %E <12 5.08 0.010 2.91 0.023 4.28 0.016 3.89 0.041≥12 5.66 3.58 4.98 4.95 
WCST %PE  <12 5.26 0.028 3.11 0.009 4.5 0.005 4.22 0.019≥12 5.86 0.83 5.23 5.36 
WCST %NPE <12 5.08 0.037 2.92 0.075 4.29 0.056 3.94 0.113≥12 5.57 3.47 4.85 4.77 
WCST %PR <12 5.3 0.004 3.16 0.011 4.56 0.007 4.32 0.023≥12 5.85 3.82 5.23 5.36 
WCST %CLR  <12 5.09 0.012 2.92 0.028 4.29 0.019 3.92 0.047≥12 5.66 3.58 4.97 4.94 
NAB LL IR  <12 5.42 0.005 3.53 0.014 5.72 0.010 4.6 0.028≥12 6 3.86 4.7 5.65 
WRAT-4 
Reading 
<12 10.37 0.001 9.45 0.006 4.76 0.002 13.66 0.032≥12 11.2 10.41 5.59 15.13
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Table 4.7 (Continued). AFE group comparison of association between diffusion 
measures and neuropsychological tests.  
 AFE  
FA Trace AD RD 
T -
Value
P-
Value
T -
Value
P-
Value
T -
Value
P-
Value 
T -
Value
P-
Value
Region IV 
WCST %E <12 5.96 0.020 2.16 0.020 4.16 0.017 4.75 0.031≥12 6.79 2.83 4.85 6.05 
WCST %PE  <12 6.23 0.007 2.36 0.007 4.38 0.005 5.19 0.014≥12 7.08 3.07 5.11 6.59 
WCST %NPE <12 5.97 0.065 2.18 0.066 4.16 0.057 4.79 0.087≥12 6.66 2.72 4.73 5.82 
WCST %PR <12 6.3 0.008 2.41 0.009 4.43 0.006 5.32 0.018≥12 7.08 3.06 5.1 6.61 
WCST %CLR  <12 5.98 0.025 2.17 0.024 4.17 0.020 4.77 0.037≥12 6.78 2.82 4.85 6.03 
NAB LL IR  <12 6.44 0.017 2.58 0.009 4.58 0.011 5.7 0.009≥12 7.24 3.25 5.27 7.07 
WRAT-4 
Reading 
<12 13.05 0.009 8.65 0.002 10.73 0.003 16.86 0.007≥12 14.23 9.6 11.72 18.59
Region V 
WCST %E <12 7.67 0.048 8.13 0.070 8.14 0.063 8.55 0.096≥12 9.4 9.77 9.81 10.14
WCST %PE  <12 8.43 0.030 8.93 0.044 8.94 0.040 9.35 0.060≥12 10.25 10.68 10.71 11.09
WCST %NPE <12 7.65 0.112 8.14 0.160 8.13 0.142 8.6 0.211≥12 9.04 9.4 9.44 9.76 
WCST %PR <12 8.7 0.037 9.22 0.053 9.23 0.049 9.67 0.073≥12 10.39 10.85 10.87 11.28
WCST %CLR  <12 7.73 0.051 8.21 0.076 8.22 0.066 8.62 0.106≥12 9.43 9.8 9.85 10.15
NAB LL IR  <12 9 0.035 9.59 0.054 9.51 0.055 10.2 0.064≥12 10.7 11.19 11.1 11.81
WRAT-4 
Reading 
<12 21.32 0.029 21.86 0.048 21.76 0.047 21.6 0.074≥12 23.38 23.69 23.64 23.3 
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Table 4.7 (Continued). AFE group comparison of association between diffusion 
measures and neuropsychological tests.  
 AFE  
FA Trace AD RD 
T -
Value
P-
Value
T -
Value
P-
Value
T -
Value
P-
Value 
T -
Value
P-
Value
Region VI 
WCST %E <12 4.15 0.008 4.26 0.013 3.55 0.007 6.91 0.038≥12 5.04 4.94 4.09 8.18 
WCST %PE  <12 4.42 0.003 4.47 0.004 3.71 0.002 7.36 0.015≥12 5.33 5.18 4.28 8.72 
WCST %NPE <12 4.16 0.026 4.27 0.050 3.56 0.027 6.92 0.118≥12 4.91 4.82 4 7.91 
WCST %PR <12 4.49 0.004 4.52 0.005 3.75 0.002 7.49 0.020≥12 5.33 5.18 4.27 8.75 
WCST %CLR  <12 4.16 0.009 4.28 0.017 3.56 0.008 6.94 0.048≥12 5.03 4.93 4.09 8.15 
NAB LL IR  <12 4.67 0.007 4.67 0.005 3.87 0.003 7.78 0.014≥12 5.52 5.36 4.41 9.1 
WRAT-4 
Reading 
<12 11.97 0.003 10.45 0.001 8.54 <0.001 17.6 0.010≥12 13.15 11.43 9.3 19.45
Region VII 
WCST %E <12 2.84 0.015 3.87 0.015 3.87 0.015 49 0.023≥12 3.39 4.61 4.61 5.89 
WCST %PE  <12 3 0.052 4.11 0.005 4.11 0.005 5.25 0.009≥12 3.56 4.88 4.88 6.3 
WCST %NPE <12 2.85 0.050 3.89 0.054 3.89 0.054 4.92 0.072≥12 3.3 4.48 4.48 5.7 
WCST %PR <12 3.03 0.007 4.17 0.006 4.17 0.006 5.34 0.011≥12 3.55 4.87 4.87 6.3 
WCST %CLR  <12 2.85 0.018 3.89 0.020 3.89 0.020 4.93 0.030≥12 3.38 4.6 4.6 5.87 
NAB LL IR  <12 3.15 0.008 4.31 0.009 4.31 0.009 5.51 0.012≥12 3.69 5.05 5.05 6.54 
WRAT-4 
Reading 
<12 7.59 0.002 10.86 0.001 10.86 0.001 14.36 0.007≥12 8.39 11.89 11.89 15.66
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Former NFL players vs. Control Athletes Comparison: Diffusion Measures 
 Results of the comparison of diffusion measures between former NFL players and 
the control group can be found in Table 4.8. Significant differences were observed for 
FA, AD and RD in all CC regions, suggesting reduced white matter integrity in all CC 
regions in the former NFL players.  
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Table 4.8.  Comparison of diffusion measures for former NFL players vs. control 
athletes 
 
Former NFL 
Players 
(n = 48) 
Control Subjects
(n=10) 
Adjusted 
Estimated 
Difference  
(NFL - 
Control) 
SE P Value
Mean  SD Mean SD 
Whole 
CC 
FA 0.60540 0.01854 0.62996 0.02419 -0.153 0.026 <0.001 
Trace 0.00243 0.00009 0.00251 0.00006 -5.323 11.085 0.631 
AD 0.00148 0.00006 0.00156 0.00003 -26.888 6.266 <0.001 
RD 0.00047 0.00003 0.00048 0.00003 10.300 3.672 0.005 
Region 
I  
FA 0.57312 0.02044 0.59502 0.02225 -0.150 0.026 <0.001 
Trace 0.00236 0.00010 0.00242 0.00007 -3.726 11.163 0.739 
AD 0.00140 0.00006 0.00146 0.00003 -25.657 6.305 <0.001 
RD 0.00048 0.00003 0.00048 0.00003 10.483 3.672 0.005 
Region 
II 
FA 0.60087 0.02123 0.62993 0.02573 -0.157 0.026 <0.001 
Trace 0.00230 0.00010 0.00232 0.00005 0.792 11.186 0.944 
AD 0.00140 0.00006 0.00146 0.00005 -24.427 6.357 <0.001 
RD 0.00045 0.00003 0.00043 0.00003 12.127 3.680 0.001 
Region 
III 
FA 0.63232 0.02335 0.65644 0.02197 -0.153 0.026 <0.001 
Trace 0.00231 0.00011 0.00232 0.00010 1.514 11.296 0.894 
AD 0.00146 0.00007 0.00151 0.00006 -23.791 6.422 <0.001 
RD 0.00042 0.00003 0.00041 0.00003 12.170 3.710 0.001 
Region 
IV 
FA 0.62559 0.03117 0.65674 0.02955 -0.160 0.025 <0.001 
Trace 0.00239 0.00010 0.00243 0.00009 -1.351 11.325 0.905 
AD 0.00150 0.00007 0.00157 0.00004 -26.191 6.394 <0.001 
RD 0.00044 0.00004 0.00043 0.00005 11.938 3.831 0.002 
Region 
V 
FA 0.62950 0.02611 0.66101 0.02908 -0.160 0.026 <0.001 
Trace 0.00237 0.00010 0.00241 0.00011 -0.170 11.166 0.988 
AD 0.00149 0.00007 0.00155 0.00007 -25.499 6.378 <0.001 
RD 0.00044 0.00003 0.00043 0.00004 12.182 3.704 0.001 
Region 
VI 
FA 0.60850 0.03579 0.64455 0.03961 -0.164 0.028 <0.001 
Trace 0.00267 0.00012 0.00267 0.00021 3.900 11.917 0.744 
AD 0.00161 0.00006 0.00164 0.00007 -22.405 6.524 <0.001 
RD 0.00053 0.00005 0.00051 0.00008 12.670 4.001 0.002 
Region 
VII 
FA 0.62841 0.02526 0.66211 0.02924 -0.162 0.026 <0.001 
Trace 0.00263 0.00014 0.00281 0.00016 -15.287 11.615 0.189 
AD 0.00164 0.00009 0.00180 0.00008 -37.166 7.499 <0.001 
RD 0.00050 0.00004 0.00050 0.00006 9.689 3.840 0.012 
Adjusted for duration (years) of football and body mass index. 
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DISCUSSION 
 The goal of this study was to examine the relationship between AFE to RHI 
through tackle football and later-life brain structure and function. First, we used advanced 
DTI techniques to examine later-life CC microstructure in former NFL players who 
began playing football before age 12 and those who began playing football at age 12 or 
later. Though we found no significant differences in diffusion measures between groups 
in any CC regions, those who began playing tackle football before age 12 showed a 
significantly greater decline in FA with age compared to those in the AFE ≥12 group. 
Next, we replicated our results from Chapter Two in this larger sample, observing that 
those in the AFE <12 group performed significantly worse on tests of executive 
functioning, immediate recall, and eVIQ. Third, we found that the majority of 
neuropsychological, behavioral, and mood measures examined were significantly 
associated with diffusion measures in the whole CC and all subregions in both groups of 
former NFL players. Furthermore, for the neuropsychological tests that differed between 
AFE groups, the associations between those tests and the DTI measures differed 
significantly between groups, with the association being stronger in the AFE ≥12 group. 
Finally, in an attempt to understand the lack of difference in diffusion measures in the 
presence of clinical differences between groups, we examined the difference in diffusion 
measures between all former NFL players combined compared to ten former elite non-
contact sport athlete control subjects in the same age range. The former NFL players had 
significantly lower FA and AD and higher RD in the whole CC and all subregions 
compared to the control subjects.  
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 Although we observed no significant differences between AFE groups, FA in 
Region II, which contains fibers connecting premotor/supplementary motor cortical 
regions across hemispheres, trended toward significance, with the AFE <12 group having 
lower FA than the AFE ≥12 group. This is consistent with the finding of lower FA in the 
AFE <12 group presented in Chapter Three. Also consistent with the findings of Chapter 
Three is the greater decline in FA with age in region II. Several studies have reported that 
the anterior CC is preferentially affected in normal aging (Abe et al., 2002; McLaughlin 
et al., 2007; Resnick et al., 2007; Sowell et al., 2003; Sowell et al., 2004; Sullivan et al., 
2006), suggesting that exposure to RHI prior to age 12 may lead to a greater vulnerability 
of the premotor commissural fibers to the normal aging process. However, unlike the 
previous study, FA in the fibers passing through Region I, connecting prefrontal regions 
across hemispheres, did not differ between AFE groups or show a significant decline in 
FA with age. Though it is possible that AFE does not have an effect on microstructural 
integrity of CC fibers connecting the prefrontal regions, it is also possible that 
methodological differences between studies may be influencing these results, as will be 
considered in detail later in this discussion. 
 Similar to the findings in Chapter Two, former NFL players in the AFE <12 
group performed significantly worse on measures of executive functioning, memory, and 
eVIQ. The NAB LL long delay recall measure was no longer significantly different 
between groups. The hippocampus, which is essential for learning and storing new 
information, is frequently affected in CTE, and all participants in this study are included 
because they are at high risk for having the disease. Therefore, it is possible that 
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hippocampal neurodegeneration could be present in both groups, resulting in similar 
difficulties among all former NFL players with the long delayed recall task. 
Nearly all measures of behavior and cognition that we tested were associated with 
diffusion measures in nearly all regions of the CC in both AFE groups. The only 
measures not consistently associated with the CC were of the Beck Depression Inventory, 
Beck Hopelessness Scale, and D-KEFS color word interference test measures. This 
suggests that CC integrity is highly associated with cognitive and behavioral functioning, 
but not mood, in former NFL players regardless of start age. However, we observed a 
difference in the association between diffusion and clinical measures in the AFE <12 
group compared to the AFE ≥12 group, with the AFE ≥12 group consistently showing a 
stronger correlation than the AFE <12 group. This finding is likely due to the greater 
variability in outcome for these measures in the AFE ≥12 group. In the former NFL 
players who began playing football at age 12 or older, some subjects showed little or no 
impairment, while others performed poorly on these clinical tests. In contrast, those who 
began playing football before age 12 were more consistently impaired, resulting in less 
variability within that group. All participants in the DETECT study must self-report 
having symptoms consistent with CTE in order to be included in the study, indicating that 
all participants are at risk for having the disease. Taken together, these results could 
suggest that cognitive and behavioral function is associated with CC microstructural 
integrity in former NFL players at high risk for having CTE, and those in the AFE <12 
group may be more susceptible to poor cognitive functioning than those in the AFE ≥ 
group. 
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 In the final analyses of this study, we observed striking differences in diffusivity, 
including lower FA and AD and higher RD, in the NFL players compared to the controls, 
indicating reduced integrity of the white matter in the former NFL players. Reduced FA 
has been reported following mTBI (Aoki et al., 2012; Lipton et al., 2012; Perez et al., 
2014; Yeh et al., 2012), prolonged exposure to RHI (Bazarian et al., 2012; Bazarian et al., 
2014; Lipton et al., 2013; McAllister et al., 2014), and in other neurodegenerative 
diseases (Di Paola et al., 2015; Ryberg et al., 2007). Increased RD is suggestive of 
demyelination, while reduced AD may indicate axonal pathology (Song et al., 2002). 
Furthermore, these results are consistent with findings from other studies using DTI to 
examine white matter in former contact-sport athletes (Hart et al., 2013; Tremblay et al., 
2014). White matter pathology and thinning of the corpus callosum are frequent 
neuropathological findings in CTE (McKee et al., 2013), and all participants in the study 
were included because they are at high risk for having the disease. At this time, CTE can 
only be diagnosed through postmortem neuropathological examination (Baugh et al., 
2012; McKee et al., 2013; Montenigro et al., 2014; R. A. Stern et al., 2013). However, 
these findings suggest that, in combination with other diagnostic methods, CC diffusivity 
may serve as a biomarker for the diagnosis of CTE during life. 
This study found a lack of significant differences in diffusion measures in the 
presence of significant differences in clinical measures between AFE groups. The lack of 
differences in FA between groups conflicts with the findings of Chapter Three, and this 
may be, in part, due to the methodological differences between studies combined with the 
fact that all participants in these studies are at risk for having CTE. As described in the 
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introduction to this chapter, the two-tensor tractography method used in this study is 
capable of resolving the issue of crossing fibers. Therefore, substantially more fibers are 
generated with the two-tensor algorithm, including the laterally-projecting fibers that are 
not present with single-tensor tractography. The accumulation of hyperphosphorylated 
tau in CTE appears to begin perivascularly and at the depths of the sulci in the 
dorsolateral prefrontal cortex (DLPFC), and this pathology spreads throughout the 
DLPFC, frontal white matter, and as well as into other brain regions with disease 
progression (McKee et al., 2009; McKee et al., 2013; Stein et al., 2014). CC fibers 
connecting the prefrontal cortices are generated using two-tensor tractography but not 
single-tensor tractography, and these fibers may be affected in CTE. Considering the 
reduced white matter integrity observed in the former NFL players compared to controls, 
it is possible that including these lateral commissural fibers that may be damaged due to 
the neurodegenerative process of CTE may be limiting the ability to observe differences 
in diffusivity within the NFL group based on AFE. The fact that only fibers connecting 
medial frontal regions, which are less frequently affected in CTE, are present using 
single-tensor tractography may allow for the detection of diffusion differences between 
AFE groups. Therefore, two-tensor tractography may not be the best DTI method to use 
when investigating the relationship between AFE to tackle football and later-life CC 
microstructure in older former football players.  
Based on the differential vulnerability to damage and poor recovery following 
TBI in the smaller, thinly myelinated parietal and temporal fibers compared to the larger, 
highly-myelinated occipital fibers (Reeves et al., 2005; Reeves et al., 2012), we 
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hypothesized that differences in diffusivity would be observed between the AFE groups 
in the parietal and temporal but not occipital regions. However, no significant difference 
was observed between groups in any of these three regions. The posterior body and 
isthmus of the CC, through which the parietal and some temporal fibers pass, has been 
shown to be vulnerable to TBI (Ewing-Cobbs et al., 2008; Levin et al., 2000). Due to the 
vulnerability of this region, is possible that other exposure factors, such as total overall 
exposure, total number of years played, or number and/or severity of symptomatic 
concussions, may have a greater influence on axonal integrity in these regions than AFE. 
Future studies should examine the influence that varying aspects of exposure have on 
different brain and CC regions with differing vulnerability to TBI and developmental 
trajectories.  
It is important to note that the results of this study may not be generalizable to 
other populations of contact-sport athletes because of the inclusion of only former 
football players who played at least two years in the NFL. Future research should include 
football players who only played through youth, high school, or college levels as well as 
athletes from other contact sports such as soccer or hockey. Furthermore, females have a 
developmental trajectory that differs from that of males (Giedd, Blumenthal, Jeffries, 
Castellanos, et al., 1999; K. Wu et al., 2013).  Therefore, the results of this study should 
not be generalized to female athletes. While using age-matched pairs addressed the issue 
of era-related changes within the former NFL players in this study, there are likely 
differences in the nature of youth football today compared to when the participants in the 
AFE <12 group in this study participated in youth football. Therefore, later-life outcomes 
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resulting from repeated head impacts during youth football may differ, either positively 
or negatively, in young athletes playing today compared to those who played in the 
1960s-1980s. Former NFL players represent a very small group of individuals, and 
considerable research is needed to understand the relationship between AFE to RHI 
though contact sports in the general population. .   
There are several other important limitations to address. First, the sample size in 
this study, especially that of the control group, was small. These results should be 
replicated with a larger sample of former contact-athletes and control subjects. Second, 
we cannot establish causality between AFE to RHI and reduced CC integrity with age 
due to the cross-sectional nature of the study. Furthermore, we are unable to determine if 
the diffusivity differences in the former NFL players compared to control subjects caused 
by the neurodegenerative disease CTE, residual damage from past concussions, or 
residual damage resulting from years of incurring RHI. Third, we cannot determine from 
this study whether or not exposure to RHI before age 12 is a risk factor for CTE. While 
AFE may play a role in the development of CTE, it is also possible that the 
neurodegenerative processes occurring in CTE are independent of white matter pathology 
resulting from disrupted neurodevelopment. Moreover, as CTE can only be diagnosed 
through postmortem neuropathological analysis, the results of this study should not be 
interpreted to indicate that the former NFL players in this study have or will develop 
CTE. Finally, though two-tensor tractography excels above single-tensor with its superior 
angular resolution in areas of crossing fibers, there is a greater possibility for false-
positive fiber tracking (Quan et al., 2013). Distinct neural fibers in close proximity to 
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each other that have a similar principal axis may be erroneously connected by the 
tractography model (Abe et al., 2002). Therefore, although the methods used in this study 
were aimed at investigating fibers comprising the corpus callosum, it is possible that the 
results may represent more general white matter in each brain region rather than fibers 
specific to the CC. 
In conclusion, this study found that found a greater decrease in white matter 
integrity with age as well as poorer memory, executive functioning, and eVIQ in the 
former NFL players who began playing football before age 12 compared to those who 
began playing football at age 12 or later. Furthermore, the association between clinical 
and diffusion measures differed between AFE groups for the same clinical measures. 
Taken together, these results suggest that exposure to RHI through tackle football prior to 
age 12 may disrupt normal brain development processes leading to later-life structural 
and functional deficits. Rule and policy changes aimed at improving safety have been 
made in several sports across all levels to reduce RHI (Baugh et al., 2014; Cobb et al., 
2013). However, more research is needed to understand the later-life impact of incurring 
RHI during childhood so that youth athletes may gain the substantial benefits of 
participation in sports with minimal risk of long-term consequences. Furthermore, 
differences in CC microstructure were apparent between former NFL players and former 
elite noncontact-sport athletes. Given that all former NFL players were included in the 
study because they were at high risk for having CTE, this finding may suggest that, in 
combination with other diagnostic tools, altered CC diffusivity may serve as a biomarker 
for CTE. Nevertheless, the gold standard for the diagnosis of CTE remains postmortem 
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neuropathological analysis, and additional study of other potential biomarkers is needed 
in order to diagnose CTE during life.  
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CHAPTER FIVE:  
CHRONIC TRAUMATIC ENCEPHALOPATHY 
 
 This dissertation focuses on the later-life consequences of incurring repeated head 
impacts through tackle football prior to age 12, during a critical period of 
neurodevelopment. Based on the findings in the previous chapters, age of first exposure 
(AFE) to repeated head impacts (RHI) appears to be related to later-life cognitive 
impairment and lack of white-matter integrity in the corpus callosum (CC). However, the 
relationship between AFE and the development of Chronic Traumatic Encephalopathy 
(CTE) is not well understood. There are likely other long-term consequences of 
experiencing RHI that are independent of CTE, such as depression and executive 
dysfunction, both of which AFE has shown to be associated with (Bourlas et al., 2014; 
Stamm et al., 2015). On the other hand, the disruption of neuronal development by AFE 
to RHI may make the brain more vulnerable to the neuropathological processes leading to 
the development of CTE and/or hastened neurodegeneration in the presence of the 
disease. However, the study of AFE as a potential risk factor for CTE will be limited until 
it is possible to diagnose the disease during life. The reduced white matter integrity in the 
former NFL players compared to control subjects reported in Chapter Four could 
represent a possible biomarker for the diagnosis CTE, if combined with other diagnostic 
markers. This chapter discusses CTE, including neuropathological findings, clinical 
presentation, comparison to other neurodegenerative diseases, and future directions for 
research.  
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INTRODUCTION 
 CTE is a neurodegenerative disease caused, in part, by repeated brain trauma, 
such as that experienced by contact sport athletes (Baugh et al., 2012; McKee et al., 
2009). This trauma includes both concussive and subconcussive impacts, or hits to the 
head that do not result in apparent concussive symptoms despite altered neuronal 
structure and function (Baugh et al., 2012; Bazarian et al., 2012; Breedlove et al., 2012; I. 
K. Koerte, Ertl-Wagner, et al., 2012; Talavage et al., 2014). CTE has been diagnosed in a 
variety of individuals exposed to RHI, including  professional and amateur athletes, such 
as football, soccer, rugby, and hockey players, boxers, and entertainment wrestlers 
(Geddes, Vowles, Nicoll, & Revesz, 1999; McKee et al., 2009; McKee et al., 2014; 
McKee et al., 2013; B. I. Omalu et al., 2005; B. I. Omalu et al., 2010); military personnel 
(Goldstein et al., 2012; McKee et al., 2013; B. Omalu, Hammers, et al., 2011); self-
injurers (Geddes et al., 1999; Hof, Knabe, Bovier, & Bouras, 1991; McKee et al., 2013), 
a man with epilepsy (Geddes et al., 1999), a victim of physical abuse (G. W. Roberts, 
Whitwell, Acland, & Bruton, 1990); and a circus clown who was repeatedly shot out of a 
cannon (Williams & Tannenberg, 1996).  
In 1928, New Jersey pathologist Harrison Martland first described the clinical 
syndrome of CTE in a case series of boxers, referring to the boxers as “punch drunk” 
(Martland, 1928). Millspaugh introduced the term dementia pugilistica in 1937, reflecting 
that cases at that time were primarily observed in boxers (Millspaugh, 1937). In 1973, 
Corsellis described the neuropathological and clinical findings of dementia pugilistica in 
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a case series of 15 boxers and concluded that the disease is distinct from other similar 
neurodegenerative diseases (Corsellis et al., 1973). The term CTE was coined in 1940 in 
a case study of a boxer (1940; Bowman & Blau, 1940), and this term is used to denote the 
neurodegenerative disease today (McKee et al., 2009; McKee et al., 2013; B. I. Omalu et 
al., 2005).   
CTE can only be definitively diagnosed during postmortem neuropathological 
examination (Baugh et al., 2012; Gavett, Stern, & McKee, 2011). Without the ability to 
diagnose CTE in vivo, research investigating the epidemiology, risk factors, such as AFE, 
and treatments is limited. Furthermore, due to similarities in presentation, clinically 
differentiating CTE from prolonged post-concussive syndrome in early stages and other 
long-term consequences of RHI or other neurodegenerative diseases such as Alzheimer’s 
disease (AlzD) and behavioral variant frontotemporal dementia (bvFTD) remains a 
challenge (Baugh et al., 2012; R. A. Stern et al., 2013). Current research efforts are aimed 
at developing biomarkers for the diagnosis of CTE during life, including cerebrospinal 
fluid markers, diffusion tensor imaging (DTI), magnetic resonance spectroscopy (MRS), 
and positron emission tomography (PET; Baugh et al., 2012; Mez et al., 2013; R. A. 
Stern, Riley, et al., 2011).  
 
EPIDEMIOLOGY 
The inability to diagnose CTE during life has limited the capacity to conduct 
cross-sectional and prospective studies to determine the incidence and prevalence of this 
disease. In a 1969 prevalence study, Roberts determined that 17% of 244 boxers 
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examined had clinical neurological deficits that could be attributed to boxing (A. H. 
Roberts, 1969). However, without neuropathological confirmation, the underlying cause 
of the clinical impairment cannot positively be attributed to CTE. Gavett, Stern, et al. 
(2011) described a conservative estimate of CTE in former National Football League 
(NFL) players based on postmortem neuropathological findings of brain tissue examined 
at the Veteran’s Affairs (VA) Boston University (BU) CTE Center Brain bank.  Of the 
321 known deaths of former NFL players between February 2008 and June 2010, 12 
brains were examined by the VA BU CTE Center. All 12 of these cases were positive for 
CTE. Assuming that all players whose brains were not examined at the BU CTE Center 
did not have CTE, this would suggest a lifetime prevalence of 3.7%, which likely 
underestimates the actual prevalence of the disease in this population.  
TBI has been considered a risk factor for other neurodegenerative diseases that 
share similar clinical features with CTE, and several studies have examined the incidence 
of these diseases in individuals with a history of exposure to RHI. A study of mortality 
causes in former NFL players found that neurodegenerative causes of death in this cohort 
were three times higher than the general population (Lehman, Hein, Baron, & Gersic, 
2012). Guskiewicz et al. (2005) investigated the relationship between concussions and 
the diagnosis of AlzD and mild cognitive impairment (MCI) in 758 retired NFL football 
players over age 50 using questionnaires about general health and cognitive impairment. 
Compared to those with no history of concussions, retired NFL players who experienced 
three or more concussions during their football career were three times more likely to 
report significant memory difficulties and had a fivefold greater prevalence of having an 
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MCI diagnosis. Furthermore, retired NFL players who reported being diagnosed with 
AlzD had an earlier onset than the general U.S. male population, which is consistent with 
the age of onset of CTE. Due to the similarities in memory impairment between AlzD 
and CTE, it is possible that some of the reported AlzD cases in these studies may have 
been misdiagnosed, with the CTE being the actual underlying pathology. 
TBI has also been associated with an increased risk of amyotrophic lateral 
sclerosis (ALS). In the mortality study in former NFL players described above, rates of 
death due to ALS were four times higher than the general population (Lehman et al., 
2012). Chen and colleagues (2007) found that a history of repeated head injury, including 
head injury within the last ten years was associated with an eleven-fold increased risk of 
ALS mortality. Similarly, another study reported a twelve-fold greater risk of death due 
to ALS among Italian professional soccer players (Belli & Vanacore, 2005). As will be 
described later in this chapter, a motor neuron disease distinct from ALS has been found 
in subset of CTE cases (McKee et al., 2010) and could account for a portion of the ALS 
cases in these studies.  
CTE has been diagnosed in professional and amateur athletes, military veterans, 
and others with exposure to RHI (Goldstein et al., 2012; Hof et al., 1991; McKee et al., 
2009; B. Omalu, Hammers, et al., 2011; G. W. Roberts et al., 1990; Williams & 
Tannenberg, 1996) and in individuals as young as 17 years old (Stein et al., 2014). At this 
time, the prevalence of CTE in the general population and in specific groups exposed to 
RHI remains unclear. With an estimated 214 million youth and adult athletes 
participating in sports annually (Daneshvar, Nowinski, et al., 2011), 1.3 million active 
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military personnel, ("Active Duty Military Strength Report for March 31, 2014," 2014), 
and other groups exposed to RHI, such as victims of abuse, CTE represents an important 
public health issue (Baugh et al., 2012; Gavett, Stern, et al., 2011; R. A. Stern, Riley, et 
al., 2011).  
 
NEUROPATHOLOGY 
CTE is a progressive tauopathy with a unique cellular and topographical pattern 
of hyperphosphorylated tau (p-tau) deposition that is distinct from other 
neurodegenerative diseases (Baugh et al., 2012; McKee et al., 2013; Stein et al., 2014; R. 
A. Stern, Riley, et al., 2011). The neuropathology of CTE profoundly affects the frontal 
and temporal lobes and progresses to involve the parietal cortex, while the occipital 
cortex remains relatively spared (McKee et al., 2009; McKee et al., 2014; McKee et al., 
2013; Mez et al., 2013; B. I. Omalu et al., 2006; B. I. Omalu et al., 2005; B. I. Omalu et 
al., 2010). Brainstem structures, particularly the locus coeruleus and substantia nigra, are 
usually involved. Recently McKee and colleagues proposed four distinct 
neuropathological stages of CTE based on predictable levels of p-tau pathology (McKee 
et al., 2013). The neuropathological findings associated with these proposed stages are 
described in Table 5.1. The gross and microscopic neuropathology of CTE will be 
described in detail in the following sections.  
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Table 5.1.  Summary of staging of CTE as described by McKee et al. 2013 
 Gross Features Microscopic Features Clinical Features 
Stage 
I  
Unremarkable p-taua Frontal cortexc, LC  Usually preclinical 
Headache, Impaired 
attention & 
concentration, 
Depression  
TDP-
43b 
Frontal WM (50% of cases) 
Aβ None 
Stage 
II 
Approximately 50% 
of cases may show: 
Mild lateral & 3rd 
ventricular 
enlargement, CSP, 
Pallor of the LC & 
SN 
p-taua Moderate: Frontal, temporal, 
parietal, & insular, cortices, LC 
Mild: SN, Thalamus 
Behavioral and 
personality changes, 
Paranoia, Irritability, 
Depression, 
Headaches, Short-
term memory loss, 
Suicidality 
TDP-
43b 
Medial temporal lobe, 
Subcortical WM, Brainstem 
Aβ Rare, occasional diffuse plaques 
in older individuals 
Stage 
III 
Reduced brain 
weight; Atrophy of 
the frontal & 
temporal lobes, MB 
hypothalamus, & 
thalamus; Lateral & 
3rd ventricular 
enlargement; Septal 
abnormalitiesd; Pallor 
of the LC and SN, 
CC thinning  
p-taua Severe: widespread cortical 
regions; HPC, EC, LC  
Moderate: SN, Hypothalamus, 
MB, Dorsal & median RN 
Mild: Cerebellum, Spinal cord 
Cognitive 
impairment, Memory 
loss, Executive 
dysfunction, 
Explosivity, impaired 
attention and  
concentration, 
Aggression, 
Suicidality 
TDP-
43b 
Frontal, temporal, and parietal 
cortices, Medial temporal lobe 
Diencephalon, Brainstem 
Aβ Sparse diffuse and neuritic 
plaques and vascular amyloid in 
a small percentage of cases 
Stage 
IV 
Greatly reduced brain 
weight; Pronounced 
atrophy in the frontal 
& temporal lobes, 
MB, Thalamus, 
Hypothalamus, WM; 
Lateral & 3rd  
ventricular 
enlargement, Septal 
abnormalitiesd; LC & 
SN pallor, thinning 
of the CC & 
hypothalamic floor  
p-taua Severe: Widespread cortical 
regions, HPC, EC, Amygdala, 
LC, SN, MB, Hypothalamus 
Moderate: Dorsal and median 
RN, Cerebellum, Medulla, 
Spinal cord 
Severe cognitive 
impairment, memory 
loss with dementia, 
& executive 
dysfunction; 
Profound attention 
and concentration 
loss; Language 
difficulties; 
Explosivity; 
Aggressive 
tendencies; Paranoia 
Depression; Gait 
issues; Visuospatial 
difficulties 
TDP-
43b 
Severe and widespread with 
dense accumulations in all cases 
Aβ Sparse diffuse and neuritic 
plaques and vascular amyloid in 
a small percentage of cases 
Other Severe neuronal & axonal loss: 
Layer 2 of frontal, temporal, & 
parietal cortices, SN, Cerebral 
and cerebellar WM 
LC, Locus Coeruleus; SN, Substantia Nigra; MB, Mammillary Bodies; RN; Raphe Nuclei; CC, 
Corpus Callosum; CSP, Cavum Septum Pellucidum; WM, White Matter, HPC, Hippocampus; 
EC, Entorhinal Cortex. 
a p-tau+ NFTs and astrocytic tangles 
b TDP-43+ inclusions 
c Cortical involvement most prominent perivascularly and at the depths of the sulci 
d Septal abnormalities may include CSP, septal perforations, or complete absence of the septum 
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Gross Neuropathology 
The gross pathology of CTE is characterized by ventricular enlargement, 
generalized and regional brain atrophy, septal deformities, and depigmentation of 
brainstem nuclei (Corsellis et al., 1973; McKee et al., 2009; McKee et al., 2013; B. I. 
Omalu et al., 2005; B. I. Omalu et al., 2010). Enlargement of the lateral and third 
ventricles are common gross pathological findings in CTE and may be present even early 
in the disease course (McKee et al., 2013). Cerebral atrophy becomes evident in later 
stages of the disease along with regional atrophy of the frontal lobe, medial temporal lobe 
structures, the mammillary bodies, and the thalamus (McKee et al., 2009; McKee et al., 
2013). Septal abnormalities, including a cavum septum pellucidum, septal perforations, 
or complete absence of the septum are frequently observed (Corsellis et al., 1973; McKee 
et al., 2013). Mild depigmentation of the locus coeruleus and substantia nigra may be 
present in early CTE with increasing pallor as the disease progresses (McKee et al., 2009; 
McKee et al., 2013; B. I. Omalu et al., 2005). Thinning of the hypothalamic floor and 
CC, especially the posterior body, may be visible on gross examination in advanced 
stages of CTE (McKee et al., 2014; McKee et al., 2013).  
 
Microscopic Neuropathology 
The microscopic characteristics of CTE include the presence p-tau 
immunoreactive neurofibrillary tangles (NFTs), neuropil threads (NTs) and astrocytic 
tangles (ATs) with a relative lack of beta amyloid (Aβ) deposits (Corsellis et al., 1973; 
Gavett, Stern, et al., 2011; Goldstein et al., 2012; McKee et al., 2009; McKee et al., 2013; 
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B. I. Omalu et al., 2006; B. I. Omalu et al., 2005; B. I. Omalu et al., 2010; G. W. Roberts 
et al., 1990). TAR DNA-binding protein 43 (TDP-43) immunoreactive intraneuronal and 
intraglial inclusions and neurites are also present in a majority of cases (McKee et al., 
2010; McKee et al., 2013).  Axonal pathology is a feature observed at all stages of the 
disease, and neuronal loss is prominent in later stages (McKee et al., 2009; McKee et al., 
2013).  
 
Hyperphosphorylated Tau  
Tau is a microtubule-associated protein important for stabilization of 
microtubules mainly in the axons of mature neurons (Mandelkow & Mandelkow, 2012). 
All six tau isoforms and both three and four repeat tau are found in the NFTs in CTE 
(McKee et al., 2013; Schmidt, Zhukareva, Newell, Lee, & Trojanowski, 2001). P-tau 
neuropathology in CTE appears to begin as focal aggregations in the frontal cortex 
(McKee et al., 2013). A unique feature of this disease is the patchy, irregular distribution 
and perivascular nature of p-tau NFT, NT, and AT accumulation in the depths of the 
cortical sulci, particularly early in the disease (McKee et al., 2009; McKee et al., 2013; B. 
Omalu, Bailes, et al., 2011; B. I. Omalu et al., 2005). With CTE progression, additional 
perivascular aggregations emerge at the depths of the sulci in the frontal, temporal, 
parietal, and insular cortices and in the superficial cortical laminae adjacent to the 
perivascular aggregations (McKee et al., 2009; McKee et al., 2013; B. Omalu, Bailes, et 
al., 2011). Widespread severe NFT and AT deposition is seen throughout the cortex, as 
well as in the septal nuclei; medial temporal lobe structures, including the amygdala, 
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hippocampal formation, and entorhinal cortex; and other subcortical structures, including 
the thalamus, hypothalamus, mammillary bodies, and subcortical white matter with 
advanced disease (McKee et al., 2009; McKee et al., 2013; B. Omalu, Bailes, et al., 2011; 
B. I. Omalu et al., 2006; B. I. Omalu et al., 2005). The primary visual cortex is unaffected 
in the majority of cases, with only 39% showing mild p-tau pathology in this region 
(McKee et al., 2009; McKee et al., 2014; McKee et al., 2013).  
In addition to cerebral accumulation, p-tau pathology is present in the brainstem 
in nearly all CTE cases. The locus coeruleus is one of the first structures affected by NFT 
pathology, and the substantia nigra is also affected early in the disease in most cases 
(McKee et al., 2009; McKee et al., 2014; McKee et al., 2013; B. Omalu, Bailes, et al., 
2011). With advancing disease, NFTs are often found in the nucleus basalis of Meynert, 
dorsal and median raphe nuclei, medial lemniscus, and inferior olives (McKee et al., 
2009; McKee et al., 2013; B. Omalu, Bailes, et al., 2011). NFTs and ATs may also be 
observed in the spinal cord and dentate nucleus of the cerebellum in later stages of CTE 
(McKee et al., 2009; McKee et al., 2010; McKee et al., 2013).  
The distribution of p-tau neuropathology in CTE may be consistent with the 
physics of head impacts and traumatic brain injury (McKee et al., 2014). Junctions 
between two tissues with different viscoelastic properties are vulnerable to stress and 
axonal injury (Blennow, Hardy, & Zetterberg, 2012; Cloots, Gervaise, van Dommelen, & 
Geers, 2008), including junctions between blood vessels and brain tissue and between 
gray and white matter (Blennow et al., 2012; McKee et al., 2014). Similarly, the depths 
of the cortical sulci are also vulnerable to injury due to an increase in maximum principle 
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strain in that location (Cloots et al., 2008). The perivascular nature of NFT aggregation 
may result from blood-brain barrier disruption with repeated brain trauma (Glushakova, 
Johnson, & Hayes, 2014; Marchi et al., 2013; McKee et al., 2009). In football players, 
frequent distribution of impacts to the front of the head may explain early involvement of 
the frontal cortex, specifically the superior and dorsolateral prefrontal cortex (DLPFC; 
McKee et al., 2014; Talavage et al., 2014). Likewise, Guskiewicz et al. found that 
concussions occurred more frequently with hits to the front and top of the head, also 
consistent with the initial deposition of p-tau NFTs and ATs in these frontal cortical 
regions (Guskiewicz, Mihalik, et al., 2007).  
 
TAR-DNA Binding Protein-43 
TDP-43 expression upregulation and accumulation may occur following TBI due 
to its important role in mediating neuronal cytoskeletal response during axonal injury 
(Gavett, Stern, et al., 2011). TDP-43 inclusions are present in the frontal subcortical 
white matter and fornix in approximately half of the cases of early CTE (McKee et al., 
2014; McKee et al., 2013). With disease progression, TDP-43-positive neurites and 
inclusions are found in the frontal, temporal, and insular cortices; medial temporal lobe, 
including the hippocampus and amygdala; caudate; putamen; thalamus; hypothalamus; 
and brainstem structures, including the substantia nigra and cranial nerve nuclei (McKee 
et al., 2014; McKee et al., 2010; McKee et al., 2013). Nearly all late-stage cases of CTE 
have widespread, dense accumulations of TDP-43 inclusions and neurites (McKee et al., 
2014; McKee et al., 2010; McKee et al., 2013).  
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TDP-43 proteinopathy is profound in the corticospinal tract in cases of CTE with 
an associated motor neuron disease (CTE-MND; McKee et al., 2009; McKee et al., 2014; 
McKee et al., 2013). Thirteen of the 103 neuropathologically confirmed cases of CTE at 
the VA BU CTE Center Brain Bank had this progressive motor neuron disease (McKee et 
al., 2014). CTE-MND closely resembles sporadic amyotrophic lateral sclerosis (ALS), as 
both present clinically with motor weakness, atrophy, and fasciculations (Daneshvar, 
Riley, et al., 2011; McKee et al., 2014; McKee et al., 2010; Stein et al., 2014). In most 
cases of CTE-MND, the onset of motor symptoms precedes the onset of cognitive and 
behavioral symptoms by several years (McKee et al., 2014). Neuropathologically, CTE-
MND is characterized by widespread TDP-43 aggregation in the anterior horns of the 
spinal cord (McKee et al., 2010; McKee et al., 2013). In addition, the presence of tau-
positive NFTs, ATs, and neurites in the spinal cord in CTE-MND is a distinguishing 
feature that is not present in cases of sporadic ALS (McKee et al., 2010).  
 
Beta-Amyloid 
Aβ deposits are observed in approximately 30-45% of CTE cases (Gavett, Stern, 
et al., 2011; McKee et al., 2013). No Aβ is present in stage I CTE, and, if present in later 
stages, it is in the form of diffuse or neuritic plaques or vascular amyloid (McKee et al., 
2013; B. Omalu, Bailes, et al., 2011). Those with CTE with Aβ deposits are generally 
significantly older than those without Aβ deposits (McKee et al., 2013). 
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Axonal Pathology and Neuronal Loss 
Widespread neuronal loss is a striking characteristic of late-stage CTE. Layer two 
of the cerebral cortex suffers severe neuronal depletion, and neuron loss is also prominent 
in the substantia nigra, locus coeruleus, thalamus, mammillary bodies, and amygdala 
(McKee et al., 2009; McKee et al., 2014; McKee et al., 2013; B. Omalu, Bailes, et al., 
2011; B. I. Omalu et al., 2005). Few neurons remain in the hippocampal formation in late 
CTE, and hippocampal sclerosis is common (McKee et al., 2014; McKee et al., 2013). 
Axonal damage is observed even in the earliest stages of CTE. Patchy, widespread 
demyelination and neuronal distortion is seen throughout the cerebral white matter, and 
worsening axonal loss is evident in the frontal, temporal, and cerebellar cortices; 
subcortical white matter; the CC; and diencephalic white matter in later stages (Goldstein 
et al., 2012; McKee et al., 2009; McKee et al., 2014; McKee et al., 2013). Astrocytosis 
with perivascular macrophage deposition is also prominent in the cerebral white matter 
(McKee et al., 2014; McKee et al., 2013). 
 
CLINICAL PRESENTATION 
Clinical signs and symptoms of CTE can be described in four domains: cognitive 
impairment, behavioral changes, disordered mood, and motor dysfunction (Baugh et al., 
2012; R. A. Stern et al., 2013). Cognitive symptoms often include episodic memory 
impairment, cognitive aspects of executive dysfunction (e.g. impaired planning, 
organizing, multi-tasking, task monitoring, and working memory), and difficulty with 
attention and concentration (McKee et al., 2009; McKee et al., 2013; R. A. Stern et al., 
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2013). Dementia develops with disease progression and is evident in nearly all cases of 
stage IV CTE (McKee et al., 2013; R. A. Stern et al., 2013). Depression, apathy, 
irritability, mood liability, and suicidality are common mood-related symptoms (McKee 
et al., 2009; McKee et al., 2013; R. A. Stern et al., 2013). Behavioral changes consist of a 
lack of impulse control, having a short fuse, behavioral aspects of executive dysfunction 
(e.g. impaired emotional control, disinhibition), aggression, verbal and physical violence, 
and substance abuse (McKee et al., 2009; McKee et al., 2013; R. A. Stern et al., 2013). 
Headaches are frequently reported at all stages of CTE (McKee et al., 2013; R. A. Stern 
et al., 2013). Parkinsonian motor symptoms are also present in a subset of cases, 
including balance problems and slowed gait (McKee et al., 2009; McKee et al., 2013).  
Stern and colleagues (2013) reported two differing clinical presentations in a 
study based on retrospective interviews with family members of 36 former athletes found 
to have pure CTE on postmortem examination. The cases included primarily former 
football players as well as professional hockey players, boxers, and a professional 
wrestler. Three individuals were reportedly asymptomatic at the time of death. Motor 
symptoms did not present first in any cases. Behavior and/or mood changes were the 
initial symptoms in 22 cases, including explosivity, impulsivity, violence, depression, and 
hopelessness. In eleven cases, initial presenting symptoms were cognitive in nature, 
including episodic memory impairment and executive dysfunction. The age of symptom 
onset was significantly younger in the behavior/mood group (34.5, range 19-59) than in 
the cognitive group (58.5, range 31-92). While some individuals in the behavior/mood 
group did eventually develop cognitive impairment, only a few individuals in the 
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cognitive group developed behavior or mood symptoms. Ten of thirty-six former athletes 
in this study were diagnosed with dementia during life, and those in the cognitive group 
were significantly more likely to progress to dementia than those in the behavior/mood 
group. Four were clinically diagnosed with AD, four with dementia pugilistica or 
football-related dementia, and two were not specified. Postmortem neuropathological 
analysis indicated that all ten subjects had stage IV CTE with no comorbid 
neurodegenerative disease. All subjects with dementia had memory impairment and 
executive dysfunction, and cognitive symptoms presented before mood and behavior 
symptoms in seven of the cases.  
 
Proposed Clinical Diagnostic Criteria 
At this time, there are no accepted clinical consensus criteria for CTE; however, 
criteria have been proposed by Jordan (2013) and Montenigro and colleagues (2014).  
According to Jordan (2013), clinical characteristics of “definite” CTE include any 
cognitive, behavioral, and/or motor impairment consistent with the disease in 
combination with pathological confirmation, while “probable” CTE lacks pathological 
confirmation but includes at least two of the following processes which cannot be 
explained by any other disease: cognitive and/or behavioral impairment, cerebellar 
dysfunction, and pyramidal tract or extrapyramidal disease. A patient presenting with 
symptomology consistent with CTE but that may be explained by another disease would 
be classified as having “possible” CTE. Symptomology inconsistent with CTE while 
consistent with another neurological condition unrelated to brain trauma is considered 
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“improbable” CTE. However, these criteria lack definitions of head injury characteristics, 
dementia criteria, discussion of mood-related symptoms, and necessity of motor 
dysfunction and neurological decline (Mez et al., 2013).  
 Montenigro and colleagues (2014) proposed research diagnostic criteria for 
Traumatic Encephalopathy Syndrome (TES), a term describing the clinical presentation 
of the neuropathologically-defined disease CTE. The proposed criteria include general 
criteria, core clinical features, and supportive features and suggest four diagnostic 
subtypes. All four general criteria must be met in order to reach a TES diagnosis: 1) a 
history of repeated hits to the head, 2) no other neurological disorder or disease that could 
cause the clinical features, 3) delayed onset of clinical features after the head impact 
exposure, and 4) presence of clinical features for at least 12 months. At least one core 
clinical feature must be present and considered a change from their normal behavior, with 
each clinical feature involving symptoms from one of three symptomatic domains: 
cognition, behavior, and mood. At least two supportive features must be present, 
including neuroimaging findings (e.g. cavum septum pellucidum, negative amyloid 
imaging, positive tau imaging, axonal injury, and cortical atrophy), cerebrospinal fluid 
markers (e.g. normal CSF amyloid beta 42 levels), and other clinical signs and symptoms 
(e.g. impulsivity, anxiety, apathy, paranoia, headache, suicidality, motor signs). Based on 
the differing CTE presentations described above (R. A. Stern et al., 2013), four diagnostic 
subtypes of TES were proposed: TES Behavioral/Mood Variant, TES Cognitive Variant, 
TES Mixed Variant, and TES Dementia. If motor signs are present, the modifier “with 
Motor Features” could be added to each subtype.  
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CLINICOPATHOLOGICAL CORRELATIONS 
The anatomical distribution of the neuropathology of CTE appears to correlate 
with the characteristic cognitive, behavioral, mood, and motor symptoms of the disease. 
Several features of CTE are associated with neurodegeneration in prefrontal cortical 
regions and disruption of frontal-subcortical circuits. Disinhibition, lack of insight, and 
executive dysfunction, including impaired working memory, task setting, and planning, 
may result from the p-tau deposition in the DLPFC, lateral and superior frontal cortices, 
and associated subcortical frontal white matter (McKee et al., 2013; Mez et al., 2013; 
Saulle & Greenwald, 2012; R. A. Stern, Andersen, & Gavett, 2011). (McKee et al., 
2013). Aggregation of p-tau in the in the medial frontal regions, especially the anterior 
cingulate cortex, may underlie clinical features of reduced motivation and spontaneity 
(Mez et al., 2013; R. A. Stern, Andersen, et al., 2011).  Furthermore, DAI and 
axonopathy has been shown to persist for years after head injury (V. E. Johnson, Stewart, 
& Smith, 2013), and white matter pathology is a common neuropathological feature of 
CTE (McKee et al., 2013). Although it is not clear whether the this pathology in CTE is a 
product of the initial trauma or the neurodegenerative process, disruption of frontal-
subcortical white matter may contribute to headache and concentration difficulties, 
especially early in CTE. 
Prefrontal cortical regions are highly connected to medial temporal lobe 
structures, and both of these regions are frequently affected in CTE (McKee et al., 2013). 
Connections between the prefrontal cortex and the hippocampus and entorhinal cortex 
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play an important role in encoding, retrieval and recognition memory processes (R. A. 
Stern, Andersen, et al., 2011). Disruption of these connections may contribute to early 
memory impairment in CTE. Furthermore, p-tau aggregation in the hippocampus, 
entorhinal cortex, parahippocampal gyrus may explain the prominent memory deficits 
observed in later stages of CTE (Mez et al., 2013). Strong connectivity exists between the 
orbitofrontal cortex (OFC) and the amygdala, both of which play an important role in 
behavior and emotional regulation (Saulle & Greenwald, 2012; R. A. Stern, Andersen, et 
al., 2011). Pathology in either or both of these areas or disrupted connectivity between 
them may manifest as aggression, irritability, impulsivity, explosive outbursts, emotional 
instability, and personality changes commonly observed in CTE (McKee et al., 2013; R. 
A. Stern, Andersen, et al., 2011).  
Several other neuropathological findings may underlie additional clinical features 
of CTE. Cognitive symptoms may be exacerbated by neurodegeneration of the nucleus 
basalis of Meynert and septal nuclei (McKee et al., 2013). Pathology in the locus 
coeruleus and median raphe may contribute to depression symptoms and mood liability 
(McKee et al., 2013). Basal ganglia and substantia nigra degeneration may be the 
underlying cause of gait instability, balance difficulties, and parkinsonism in CTE (Mez 
et al., 2013; Saulle & Greenwald, 2012). In addition, visuospatial difficulties may be 
associated with p-tau aggregation in the dorsolateral parietal and posterior temporal 
cortices (Saulle & Greenwald, 2012).  
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RELATED LONG-TERM CONSEQUENCES OF REPEATED HEAD IMPACTS 
Research investigating the clinical presentation and in-vivo markers of CTE is 
limited by the inability to diagnose the disease during life. However, several studies have 
examined the later-life effects of RHI and are described in the following sections. The 
signs and symptoms described are consistent with the clinical profile of the disease, and 
the neuroimaging findings are consistent with postmortem neuropathological findings. 
However, it is not known if the individuals in these studies have CTE, and several of the 
structural and functional findings in the studies that will be presented are consistent our 
AFE findings, though participants were not divided based on AFE. More research is 
needed to elucidate whether or not these other long-term consequences of RHI are related 
to the presence of CTE, or of they could represent other independent negative results 
from incurring RHI. 
 
Clinical Studies 
Recent research has uncovered cognitive and executive dysfunction in former 
NFL players. Every subject in a study of 15 active and former professional boxers had at 
least two or more abnormal scores on neuropsychological testing (Casson et al., 1984). In 
a study conducted by Randolph et al. (2013), 35% of informants close to former NFL 
players reported that the former players had clinically significant cognitive impairment. 
Seichepine and colleagues (2013) used the self-report Behavior Rating Inventory of 
Executive Function, adult version (BRIEF-A) in a study of 64 former and current 
collegiate and professional football players. The football players reported significantly 
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greater global executive dysfunction compared to age-corrected normative scores for 
healthy adults. Football players over the age of 40 reported greater impairment than 
younger football players, which is consistent with the age of onset of CTE symptoms (R. 
A. Stern et al., 2013). Additionally, the former football players reported specific 
impairment in functions attributed to distinct prefrontal regions: the DLPFC (Shift, 
Initiate, Working Memory, Plan/Organize, and Task Monitor BRIEF-A subscales) and 
the OFC (Inhibit and Emotional Control BRIEF-A subscales).  
Additional studies have examined the prevalence of depression in former 
professional football players. Guskiewicz and colleagues (2007) surveyed 2552 retired 
professional football players and found that former players who experienced three or 
more concussions had a three times greater likelihood of being diagnosed with depression 
compared to those who reported never having had a concussion. Kerr et al. (2012) 
reported a dose-response relationship in former NFL players between the number of self-
reported concussions sustained and the likelihood of being diagnosed with depression. 
Interestingly, these findings could not be explained by the relationship between 
depression and decreased physical health.  
It is not possible to determine if the results of these studies are due to CTE. 
Though these symptoms have been reported with CTE, they may also represent an 
independent long-term outcome from RHI. Both depression and executive dysfunction 
were found to be associated with an AFE to RHI through tackle football prior to age 12 
(Bourlas et al., 2014; Stamm et al., 2015). Other related exposure factors, such as total 
overall exposure or number of concussions, as suggested by Guskiewicz et al. (2007) and 
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Kerr et al. (2012). The ability to definitively diagnose CTE in the future will allow for 
greater clarity in understanding these other potential long-term consequences of TBI. 
 
Neuroimaging Studies 
A variety of neuroimaging modalities, including structural MRI, DTI, and 
functional MRI (fMRI), have been used to investigate the effects of repeated concussive 
and subconcussive head impacts on brain structure and function in contact-sport athletes. 
Abnormalities consistent with gross neuropathological findings of CTE have been 
observed in fighters using computed tomography (CT) and structural MRI. In a study of 
100 boxers and mixed martial arts fighters, 76% had structural MRI findings indicative of 
traumatic brain injury (Orrison et al., 2009). 59% had hippocampal atrophy, 43% had a 
cavum septum pellucidum, 24% had cerebral atrophy, and 19% had increased lateral 
ventricle size. Another study of 24 professional boxers ages 21-53 found that 33% had 
whole-brain or regional volumes uncharacteristically lower than expected for their age as 
seen on MRI (L. Zhang et al., 2003). Additionally, a cavum septum pellucidum was 
visible on MRI in 21% of the boxers. Casson and colleagues (1984) conducted CT scans 
on fifteen former and active professional boxers ages 24-60 (mean age 36) and observed 
abnormalities, including cortical, central, and generalized cerebral atrophy and cavum 
septum pellucidum, in eight former fighters, six of whom participated in twenty or more 
bouts in their career. 
DTI has been employed to examine white matter in elite athletes exposed to 
repeated head impacts. In the same study of professional boxers and mixed martial arts 
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fighters described above (Orrison et al., 2009), DTI showed evidence of diffuse axonal 
injury (DAI) in 29% of the subjects, with the majority of DAI lesions seen in the frontal 
white matter. Another study found significantly decreased fractional anisotropy (FA) in 
the CC and posterior limb of the internal capsule as well as increased whole-brain 
diffusion in boxers compared to control subjects (L. Zhang, Heier, Zimmerman, Jordan, 
& Ulug, 2006).  Hart et al. (2013) combined multiple clinical and neuroimaging measures 
in a study of 34 former NFL players. Fourteen former players were found to have 
cognitive decline, including two with dementia. Those who were cognitively impaired 
had significant white matter abnormalities in the bilateral frontal and parietal lobes, left 
temporal lobe, and CC on DTI compared to control subjects. Former NFL players in 
Chapter Four were also found to have altered diffusivity in the CC compared to a group 
of former elite noncontact-sport athletes. Though the results of these studies suggest that 
altered diffusivity later in life is associated with prolonged exposure to RHI, it remains 
unclear whether or not these findings are the result of CTE, persistent effects from the 
time of RHI exposure, or the result of damage from experiencing mTBI.  
fMRI has revealed disrupted connectivity in the brains of former NFL players. In 
a study conducted by Hampshire et al. (2013), thirteen retired NFL players completed a 
test of executive function while undergoing fMRI. Although the former NFL players only 
exhibited small performance defects on the executive task compared to age-matched 
control subjects, abnormalities were present with activation of the dorsal frontoparietlal 
network in the football players. Additionally, the DLPFC was hyperactivated during the 
executive function task, particularly during planning and retrieval. Though not activated 
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in control subjects, the former NFL players appeared to activate frontopolar regions as 
the task difficulty increased, which may represent a cognitive coping strategy to 
compensate for damage to the prefrontal regions usually activated when completing 
similar tasks. This coping strategy could account for the limited impairment in executive 
functioning despite having disrupted frontoparietlal connectivity.  
 
The Consequences of Subconcussive Brain Trauma: Neuroimaging Findings 
Recent studies have used neuroimaging to demonstrate the effects of 
subconcussive head impacts in current athletes. Koerte and colleagues (2012) found 
increased radial (RD) and axial diffusivity AD in the brains of active elite-level German 
soccer players with no history of having ever sustained a concussion as compared to elite 
level swimmers. Regions of increased RD included the right orbitofrontal white matter, 
anterior CC, inferior fronto-occipital fasciculus, and right superior frontal gyrus, while 
the increased AD was localized to the CC. Bazarian and colleagues (2012) employed 
preseason baseline and postseason DTI scanning in high school football and hockey 
players and observed significant alterations in FA and mean diffusivity (MD) postseason 
in the athletes who did not sustain a concussion compared to control subjects. A second 
study by the same group included division III college football players and involved 
testing at three time points: preseason, postseason, and six months postseason (Bazarian 
et al., 2014). Decreases in FA and increases in MD were detected from preseason to post 
season and persisted through the six month non-contact rest period following the season. 
Diffusion changes were most prominent in the CC, a white matter pathway frequently 
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damaged in mTBI (Arenth et al., 2014; Kumar et al., 2009; Kumar et al., 2010; 
McAllister et al., 2014). A similar preseason-postseason DTI study in Canadian 
university hockey players revealed increased trace, RD, and AD following one hockey 
season even in those who did not experience a concussion (I. K. Koerte, Kaufmann, et al., 
2012). These findings are similar to white matter changes seen in mild TBI despite the 
lack of concussions, suggesting that subconcussive head impacts are not without 
neurological consequences.  
fMRI has also demonstrated altered activation in athletes without a concussion 
who were exposed to repeated head impacts.  Three studies conducted by the same 
research group reported altered activation in several brain regions, including the DLPFC, 
hyperconnectivity in the default mode network, and impaired visual working memory 
with in-season testing compared to pre-season testing in high school football players who 
had not sustained a symptomatic concussion (Abbas et al., 2014; Breedlove et al., 2012; 
Talavage et al., 2014). Abbas et al (2014) also observed default mode network 
differences in football players compared to control subjects at baseline, suggesting that 
connectivity changes may accumulate over years of football participation. These studies 
further support the hypothesis that subconcussive brain trauma leads to alterations in the 
brain and may be associated with later-life neuropathology. However, further research is 
necessary to elucidate the connection between the acute consequences of repeated 
subconcussive brain trauma and the later-life development of CTE.  
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CTE AND OTHER NEURODEGENERATIVE DISEASES 
CTE is a neuropathologically distinct neurodegenerative disease (Baugh et al., 
2012; McKee et al., 2009; McKee et al., 2014; McKee et al., 2013; Mez et al., 2013; R. 
A. Stern, Riley, et al., 2011), but it may appear clinically similar to other diseases, 
including bvFTD in early CTE, AlzD in later stages, and (Parkinson’s disease) PD in 
cases with parkinsonism-like motor impairments (Gavett, Cantu, et al., 2011; McKee et 
al., 2009; McKee et al., 2013; R. A. Stern et al., 2013). Figure 5.1 depicts the trajectory 
of symptom progression in the two presentations of CTE and periods of difficulty for 
differential diagnosis. Further complicating the clinical differential diagnosis, other 
neurodegenerative diseases have been diagnosed in the presence of CTE in some cases, 
including AlzD, Lewy body disease (LBD), and frontotemporal lobar dementia (FTLD; 
Hazrati et al., 2013; McKee et al., 2013). A comorbid neurodegenerative disease, was 
found in 37% percent of CTE cases described by McKee et al. (2013). In several of these 
cases, multiple comorbid diseases were found in addition to the presence of CTE. This 
could indicate that a common molecular pathway initiated by the neuropathological 
cascade following a concussion could lead to aggregation of multiple proteins involved in 
several neuropathological diseases (Hazrati et al., 2013; McKee et al., 2013). Consistent 
with this, TBI is considered a risk factor for several neurodegenerative diseases 
(Goldman et al., 2006; McKee et al., 2013; Plassman et al., 2000; Pupillo et al., 2012; 
Schmidt et al., 2001). The following sections compare the neuropathological and clinical 
features of CTE with bvFTD, AlzD, and other neurodegenerative diseases. 
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Figure 5.1. The trajectory of symptom progression in the two presentations of CTE and 
periods of difficulty for differential diagnosis with post-concussion syndrome near the 
time of injury and Alzheimer’s disease, frontotemporal dementia, and other 
neurodegenerative disease later in life.  
 
CTE and Frontotemporal Lobar Dementia 
CTE may appear clinically similar to the clinical syndrome of bvFTD as 
pathology in the frontal networks, prefrontal cortex and medial temporal lobe may 
underlie prominent behavioral symptoms in both diseases (Cerami & Cappa, 2013; 
Lamarre et al., 2013; Saing et al., 2012). This variant represents 70% of all FTLD cases 
(Snowden, Neary, & Mann, 2002). Neuropathologically, bvFTD is characterized by 
marked neurodegeneration in the OFC, ventromedial prefrontal cortex, and amygdala 
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(Cerami & Cappa, 2013; Hornberger et al., 2010; Snowden et al., 2002). Clinically, 
symptoms of both bvFTD and behavioral-onset CTE include marked personality and 
behavior changes, apathy, loss of insight, and executive dysfunction, (Lamarre et al., 
2013; Montenigro et al., 2014; Saing et al., 2012; R. A. Stern et al., 2013; Tartaglia et al., 
2014; Tartaglia et al., 2012) However, the prominent bvFTD symptoms of a lack of 
empathy and inappropriate social conduct are not frequently observed in CTE, while 
memory impairment is more pronounced in CTE than bvFTD (Mez et al., 2013; 
Rascovsky et al., 2011; R. A. Stern et al., 2013; Tartaglia et al., 2014). Though both 
diseases present earlier than AlzD, the average age of onset of behavioral symptoms in 
CTE (age 30-50) is earlier than that of bvFTD (age 45-65; Baugh et al., 2012; Mez et al., 
2013). Furthermore, CTE follows a prolonged progression with an average symptom 
duration of 17 years (R. A. Stern et al., 2013) compared to only 8 years with bvFTD 
(Rascovsky et al., 2011). Family history of CTE does not appear to be a risk factor for the 
disease (Baugh et al., 2012), but all cases of CTE have had a history of repeated head 
impacts (Baugh et al., 2012; R. A. Stern, Riley, et al., 2011). Family history is present in 
up to 40% of bvFTD cases (Cerami et al., 2012; Nilsson, Landqvist Waldo, Nilsson, 
Santillo, & Vestberg, 2014; Rascovsky et al., 2011), and repeated head impacts are not 
necessary its development (Baugh et al., 2012). 
FTLD with TDP-43-positive inclusions (FTLD-TDP/MND) frequently manifests 
as a motor neuron disease and may appear clinically similar to CTE-MND (McKee et al., 
2013). However, these diseases are neuropathologically distinct. CTE-MND is 
characterized by concurrent tau and TDP-43 proteinopathy, while FTLD-TDP/MND 
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features tau-negative inclusions that are immunoreactive for Ubiquitin with a lack of tau-
positive NFTs, ATs or NTs necessary for a CTE diagnosis (Cairns et al., 2007; Costanza 
et al., 2011; McKee et al., 2010). Furthermore, the distribution of TDP-43 pathology 
within the cortex in CTE appears to differ from FTLD-TDP/MND (McKee et al., 2010).  
 
CTE and Alzheimer’s Disease 
CTE may be difficult to clinically differentiate from AlzD, especially in older 
individuals with the cognitive onset of CTE. Eighty percent of CTE cases have 
progressive memory impairment, and dementia is frequent in later stages of the disease 
(R. A. Stern et al., 2013). Likewise, memory impairment is the predominant symptom in 
AD. However, the behavioral symptoms seen in CTE are not prominent features of AlzD 
(Mez et al., 2013). Furthermore, CTE onset usually occurs at a younger age than sporadic 
AlzD. Differential diagnosis can be complicated by the fact that AlzD pathology may 
occur comorbidly with CTE, which was observed in 10% of cases described by McKee et 
al. (2013). Due to similarities in clinical presentation, it is possible that CTE may be 
misdiagnosed as AlzD in some cases (Hof et al., 1991; McKee et al., 2009; Sayed, 
Culver, Dams-O'Connor, Hammond, & Diaz-Arrastia, 2013). Two boxers studied by 
McKee et al. (2009) and four individuals with stage IV CTE reported by Stern and 
colleagues (2013) were clinically diagnosed with AlzD during life. One study used data 
from the National Alzheimer’s Coordinating Center Uniform Data Set to investigate 
whether or not patients with dementia with a history of TBI were distinct clinically or 
pathologically from those diagnosed with probable AlzD (Sayed et al., 2013). They found 
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that the amyloid burden was smaller in those in the database suspected of having AlzD 
who had a history of significant TBI than typically seen in probable AlzD despite having 
comparable Braak and Braak staging. This observation is consistent with the 
neuropathological characteristics of CTE.  
Neuropathologically, the most striking difference between CTE and AlzD is the 
presence of p-tau with a relative lack of Aβ deposition (Geddes et al., 1999; McKee et al., 
2009; McKee et al., 2013; Sayed et al., 2013). In the largest case series of CTE published 
to date, McKee and colleagues (2013) reported that Aβ, in the form of diffuse plaques, 
neuritic plaques, or vascular amyloid, was present in 44.1% of total CTE cases and only 
27.4% of pure CTE cases. Those with CTE with Aβ deposits were significantly older 
than those without Aβ. CTE and AlzD are both tauopathies with all six tau isoforms and 
both three and four repeat tau (McKee et al., 2013; Schmidt et al., 2001); nevertheless, 
these diseases have several differing neuropathological qualities. Astrocytic tangles and 
axonal pathology seen in CTE are not present in AlzD (McKee et al., 2013). The 
irregular, patchy cortical distribution of p-tau perivascularly and at the depths of the sulci 
is not a feature of AlzD (Geddes et al., 1999; McKee et al., 2013). Furthermore, the 
majority of NFTs in AlzD are located in laminae III and V, while the superficial layers, 
laminae I and II, are preferentially affected in CTE (McKee et al., 2013). The pattern of 
progression also differs between these diseases. In CTE, focal epicenters of NFTs are 
initially observed in the frontal cortex and progress to patchy, widespread cortical 
regions, the medial temporal lobe, diencephalon, brainstem, basal ganglia, mammillary 
bodies, white matter tracts, and spinal cord (Geddes et al., 1999; McKee et al., 2013). In 
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contrast, NFT pathology in AlzD initially affects the medial temporal lobe and progresses 
to involve widespread cortical regions in a uniform distribution. The basal ganglia and 
brainstem are only mildly affected in AlzD, while white matter tracts, the mammillary 
bodies, and spinal cord remain uninvolved (McKee et al., 2013).  
Brain trauma has been suggested as a risk factor for AlzD (Guskiewicz et al., 
2005; Heyman et al., 1984; Lehman et al., 2012; Mayeux et al., 1993; Plassman et al., 
2000).  However, evidence best supports a connection between more severe TBI, rather 
than mild or subconcussive trauma, and the development of AlzD (Mayeux et al., 1993; 
Plassman et al., 2000; Schofield et al., 1997). Differing neurodegenerative processes may 
occur following moderate to severe injury compared to mild brain trauma (Stein et al., 
2014). A single severe TBI may increase the risk for developing AlzD, while repeated 
mild concussive or subconcussive hits may lead to the development of CTE (Corsellis et 
al., 1973; Mayeux et al., 1993; McKee et al., 2009; McKee et al., 2013; Plassman et al., 
2000; Schofield et al., 1997). Amyloid precursor protein abnormalities have been 
reported following traumatic axonal injuries, and up 30% of acute severe brain trauma 
cases show Aβ deposits (Ikonomovic et al., 2004; Olsson et al., 2004; G. W. Roberts, 
Gentleman, Lynch, & Graham, 1991; Smith, Chen, Iwata, & Graham, 2003). Moreover, a 
single moderate to severe TBI after age 65 may further increase the risk for developing 
AlzD (Mayeux et al., 1993). 
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CTE and Other Neurodegenerative Diseases with Motor Symptoms 
The motor features of CTE may mimic those seen in other neurodegenerative 
diseases. In CTE, these motor symptoms generally present in later stages and, unlike PD, 
do not occur without concurrent behavioral, mood or cognitive impairment (Mez et al., 
2013). Parkinsonism combined with dementia in later stages of CTE may appear similar 
to Lewy body disease (LBD). However, the behavioral symptoms of aggression and 
explosivity are not common clinical features of LBD, while the visual hallucinations and 
delusions common to LBD are not frequently observed in CTE (J. C. Hanson & Lippa, 
2009; Mez et al., 2013). LBD has been diagnosed comorbidly with CTE in 17% of cases, 
and isolated Lewy bodies in the brainstem and/or amygdala are found in 23% of cases 
(Hazrati et al., 2013; McKee et al., 2013; Stein et al., 2014). The development of isolated 
alpha-synuclein in the substantia nigra and frequency of concurrent LBD development 
may contribute to Parkinsonian symptoms in some cases of CTE (Stein et al., 2014). 
Guamanian ALS parkinsonism-dementia complex (Guam ALS PDC) is also an 
environmentally-triggered tauopathy with TDP-43 proteinopathy and an associated motor 
neuron disease (McKee et al., 2010; Stein et al., 2014). Neuropathology in CTE 
resembles that of Guam ALS PDC with the presence of p-tau-positive astrocytic tangles 
similar NFT deposition in the medial temporal lobes, superficial cortical layers, and 
spinal cord (McKee et al., 2009). However, unlike the unaccompanied TDP-43-positive 
inclusions in CTE, TDP-43-positive inclusions in Guam ALS PDC may be found in 
neurons with NFTs (McKee et al., 2010). The perivascular and patchy cortical 
distribution of NFTs in CTE is also distinct from Guam ALS PDC (McKee et al., 2010).  
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POTENTIAL RISK FACTORS 
All neuropathologically confirmed cases of CTE have had a history of repeated 
concussive and/or subconcussive hits to the head, suggesting these impacts are necessary 
to trigger the neuropathological cascade leading to this disease (Baugh et al., 2012; 
McKee et al., 2009; Stein et al., 2014; R. A. Stern et al., 2013). However, not everyone 
who incurs repeated head impacts develops CTE, indicating that other factors likely play 
a role in the disease process. Although epidemiological and prospective studies are 
necessary to illuminate other factors contributing to the development of CTE, several 
potential risk factors have been proposed. 
 
Head Impact Exposure 
Exposure factors, such as the number of hits to the head, years of participation in 
contact sports, and age of first exposure to repeated head impacts through contact sports 
may play a role in the development of CTE. McKee and colleagues (2013) found a 
correlation between the total number of years played and postmortem 
neuropathologically confirmed stage of CTE in American football players. A significant 
association has been described between the number of bouts fought by professional 
fighters and both lateral ventricle size and evidence of DAI (Orrison et al., 2009). 
Moreover, a positive correlation was found between the number of years of experience 
fighting and DAI in the same population.  Other studies suggest that boxing for more than 
ten years, fighting over 150 fights, fighting after age 28, a higher number of knockouts, 
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high sparing exposure, and poor boxing performance may increase the risk of having 
CTE in former professional boxers (A. H. Roberts, 1969). Early AFE to repeated head 
impacts, as described in Chapters One-Four, may also influence the development of CTE. 
However, it is not known whether the outcomes of these studies are associated with CTE 
neuropathology or other long-term effects of RHI during development. More research is 
needed to understand the impact these exposure variables have on the development of 
CTE. 
 Although not yet understood, the nature of the impacts themselves may play a role 
in the neuropathological process of CTE. The disease has been neuropathologically 
confirmed in football players with no history of diagnosed concussion (Baugh et al., 
2012; Stein et al., 2014). However, these athletes usually played positions known to incur 
the greatest number of lower-intensity hits to the head (Broglio, Martini, Kasper, Eckner, 
& Kutcher, 2013; Greenwald, Gwin, Chu, & Crisco, 2008), suggesting that repeated 
subconcussive brain trauma is sufficient to cause the disease in some individuals. It is 
possible that CTE risk may be increased by a combination of intensity and quantity, 
where a low number of high-intensity hits may pose a similar risk to a high number of 
low-intensity hits. Furthermore, the type of forces produced by the impact may be an 
important factor. Rotational acceleration is thought to be associated with greater DAI 
than linear acceleration and may increase the risk of concussion (Holbourn, 1943; McKee 
et al., 2009; Ommaya & Gennarelli, 1974; Rowson et al., 2012; Viano, Casson, & 
Pellman, 2007). However, the role of impact variables in the development of CTE 
remains unclear.   
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Genetics 
Genetic factors may play a role in the development of CTE The apolipoprotein E 
(APOE) ε4 allele is the strongest genetic risk factor known for AlzD (Farrer et al., 1997; 
Ward et al., 2012) and has been associated with prolonged recovery and poor outcomes 
following both RHI and TBI (Friedman et al., 1999; Jordan et al., 1997; Kutner, Erlanger, 
Tsai, Jordan, & Relkin, 2000; Teasdale, Nicoll, Murray, & Fiddes, 1997; Teasdale, 
Murray, & Nicoll, 2005, Zhou et al. 2008). The presence of the ε4 allele may impede 
reparative processes following TBI, resulting in impaired long-term recovery (Crawford 
et al. 2009). Dementia risk has been shown to be increased in individuals who possess the 
APOE ε4 allele and experience an mTBI (Sundstrom et al. 2007). Increased risk of long-
term deficits has been reported in former contact-sport athletes who carrier the ε4 allele. 
Kutner and colleagues (2000) observed that older active professional football players 
who were APOEε4 carriers performed significantly worse on tests of global cognition, 
processing speed, and attention than younger, less experienced APOEε4 carriers and 
those who lacked the APOEε4 allele. In another study, boxers with high exposure to RHI 
who possessed the APOEε4 allele had higher chronic traumatic brain injury scores and 
greater motor, cognitive, and psychiatric impairment at a younger age than high-exposure 
boxers without the ε4 allele (Jordan et al., 1997). Furthermore, 100% of boxers in the 
study with severe neurological impairments possessed the APOE ε4 allele.  
Given the increased susceptibility to poor outcomes and risk of cognitive 
difficulties and AlzD in ε4 carriers, the APOE ε4 allele may also be a risk factor for CTE. 
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In a study of 36 neuropathologically confirmed cases of CTE in athletes with no other 
comorbid neurodegenerative disease, significantly more individuals with CTE were 
homozygous for the APOEε4 allele than the normal population (R. A. Stern et al., 2013). 
Significantly more homozygous ε4 allele carriers present with initial symptoms in the 
cognitive domain. However, McKee and colleagues (2013) did not observe a difference 
in frequency of APOE ε4 carriers in a study of 68 neuropathologically confirmed CTE 
cases compared to the normal population. It is possible that this allele may be a risk 
factor for the disease itself, or it may contribute to exacerbated cognitive symptoms in the 
presence of the disease. More research is needed to determine whether or not the 
APOEε4 allele is a susceptibility factor for CTE.  
Other potential genetic risk factors could also contribute to the development of 
CTE. In addition to the APOEε4 allele, other genes have been associated with poor 
outcome following TBI, including COMT, which is involved in catecholamine 
breakdown, ANKK1 T allele, which affects dopamine receptors, calcineurin encoding 
gene PPP3CC, and serotonin transporter gene SLC6A4 (Bales et al, 2011; Davidson, 
Cusimano, & Bendena, 2014; Failla et al., 2013; Lipsky et al., 2005; McAllister et al., 
2005; Yue et al, 2015). Several additional genes have been associated with other 
tauopathies, including the microtubule-associated protein tau gene (MAPT), the 
progranulin gene GRN, and chromosome 9 open reading fame 72 gene (Beecham et al., 
2014; Cruchaga et al., 2013; Ferri et al., 2014; Höglinger et al., 2011; Jun et al., 2014; 
Lambert et al., 2013; R. A. Stern et al., 2013). Future research should investigate the 
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association between other tau-related genetic factors and genes that have been shown to 
affect outcome in TBI and the development of CTE. 
 
Other Potential Risk Factors 
Several other potential risk factors for CTE warrant investigation. Cognitive 
reserve may help prevent or delay the onset of CTE symptoms. High cognitive and 
physical activity levels may affect the efficiency of neuronal networks allowing for 
reduced vulnerability to cognitive decline associated with normal aging or 
neurodegenerative disease (Moretti et al., 2012; Y. Stern, 2007). TBI has been shown to 
cause reduced cognitive reserve (Moretti et al., 2012). In the study of the clinical 
presentation of CTE by Stern and colleagues (2013), three individuals with CTE were 
asymptomatic before death. A 17-year-old had stage I CTE. The other two cases had 
stage II CTE, and they were aged in their 40s and 80s. Both were intelligent, successful 
professionals with advanced graduate degrees, supporting the idea of cognitive reserve 
tempering cognitive decline in CTE.  
Similar to AlzD, chronic inflammation associated with hypertension, diabetes, 
heart disease, and obesity may promote neurodegenerative changes in CTE (L. Arnaud, 
Robakis, & Figueiredo-Pereira, 2006; L. T. Arnaud, Myeku, & Figueiredo-Pereira, 2009; 
Duong, Nikolaeva, & Acton, 1997; Ke, Delerue, Gladbach, Gotz, & Ittner, 2009). Risk of 
developing CTE may also differ by gender. Females appear to be at increased risk of 
sustaining a concussion and are more likely to have prolonged symptoms following a 
concussion compared to males (Covassin & Elbin, 2011; Dick, 2009). However, CTE has 
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overwhelmingly been studied and diagnosed in males, possibly due to greater 
participation of males in collision sports and military combat and bias in families willing 
to donate their loved one’s brain for study.  
 
FUTURE DIRECTIONS 
The study of CTE is still in its infancy, and many aspects of the disease are not 
well understood at this time. Due to the similarities between CTE, post-concussion 
syndrome and other neurodegenerative diseases and the necessity for postmortem 
neuropathological analysis to diagnose the disease, a major focus of current research is 
the diagnosis of CTE during life. In vivo diagnosis will facilitate research on differential 
diagnosis, treatment, and prevention as well as clarify the clinical presentation of CTE. 
Recent research on other neurodegenerative diseases, such as AlzD, has focused on 
combining clinical and biomarker criteria to improve diagnosis of the disease during life 
(Jack et al., 2011; McKhann et al., 2011). Similarly, biomarkers may be useful in the 
diagnosis of CTE. Cerebrospinal fluid (CSF) markers have given promising results in 
AlzD, with elevated tau and decreased Aβ indicating this disease (De Meyer et al., 2010). 
Likewise, CSF levels of tau and Aβ may provide a “signature” unique to CTE (R. A. 
Stern, Riley, et al., 2011).  
Additionally, a variety of neuroimaging methods may be useful for detecting 
CTE-specific neurodegeneration or for identifying non-specific changes that, when 
combined with clinical presentation, may contribute to a CTE diagnosis (Baugh et al., 
2012). Structural and volumetric MRI may identify gross changes associated with CTE, 
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such as cavum septum pellucidum and regional or whole-brain atrophy. Brain-behavior 
relationships in CTE may be examined using fMRI (Gavett, Cantu, et al., 2011). DTI can 
detect DAI following concussive and subconcussive brain injury (Bazarian et al., 2012; 
Bazarian et al., 2014; I. K. Koerte, Ertl-Wagner, et al., 2012; I. K. Koerte, Kaufmann, et 
al., 2012; L. Zhang et al., 2006) and is also sensitive to axonal damage in other 
neurodegenerative diseases (O'Dwyer et al., 2011; J. H. Wang et al., 2013; Y. Zhang et 
al., 2011). Diffusion measures were found to differ in the CC between former NFL 
players and control subjects in Chapter Four, and this may represent a biomarker for 
CTE. Although DTI may be valuable in the diagnosis of CTE, it will be important to 
differentiate between residual DAI from the initial head impacts, possible effects of 
mTBI, altered neurodevelopment in those who started incurring RHI at a young age, and 
neurodegenerative changes seen in CTE. MRS, which uses conventional MRI scanners to 
measure biochemical metabolites, may provide a valuable tool for the differential 
diagnosis of CTE. In a pilot study, compared to age-matched controls, Lin and colleagues 
(2010) observed significant increases in choline and glutamine-glutamate in five former 
professional athletes with a history of RHI. MRS may be capable of detecting a chemical 
signature in the brain that is specific to CTE. PET is a very promising imaging modality 
that has great potential for diagnosing CTE during life. One study used FDDNP, a tracer 
that binds to tau, in five former NFL players and found higher signals in the subcortical 
regions and amygdala compared to controls (Small et al., 2013). However, the tracer 
FDDNP binds not only to tau but also to Aβ, which is necessary for the diagnosis of 
AlzD, and, without neuropathological confirmation, the underlying cause of this 
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increased signal is unknown. Recent advances in tau-specific PET imaging have been 
validated on postmortem examination in AlzD (Chien et al., 2013; Chien et al., 2014), 
and show great potential for diagnosing CTE during life. These tau-specific ligands are 
now being used in CTE research.  
Longitudinal studies, including studies of young athletes, are also needed in order 
to understand the development and progression of the disease. CTE has been diagnosed 
in at least six athletes under the age of 20 (McKee et al., 2013). At this time, it is not 
known whether focal tau pathology in some young athletes continues to progress if 
exposure to RHI is halted following high school or college, in the early stages of the 
disease. Additionally, it is unknown if participation in youth sports prior to age 12 
contributed to the development of CTE in those individuals. Furthermore, animal 
modeling is necessary to enhance our understanding of neurobiological mechanisms 
leading to the development of CTE. Goldstein and colleagues observed CTE-like 
neuropathology in a mouse model of blast-induced neurotrauma two weeks after 
exposure to a single blast injury. The single blast injury, replicating blast injuries 
experienced by military personnel, caused oscillation of the brain, which could be 
equivalent to several repeated brain injuries occurring in a short amount of time. 
Additional animal modeling may provide insight to mechanisms leading to abnormal 
protein aggregation in CTE. 
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CONCLUSION 
 CTE is a progressive tauopathy caused, in part, by repeated head impacts. 
However, other influences likely play a role in the development of this disease, such as 
genetic and exposure-related factors. The clinical presentation of CTE, including mood, 
behavior, and cognitive symptoms as well as motor impairment in some cases, may 
appear similar to other neurodegenerative diseases, such as AlzD, FTLD, and LBD. 
Similar to approaches used in the study of AlzD, the development of biomarkers to 
diagnose the disease during life represents a crucial step that will allow for further 
research on the epidemiology, risk factors, prevention strategies, and potential treatments 
for the disease. Policy and rule changes have already been made in several sports at 
different levels in order to improve safety and reduce exposure to head impacts. 
However, more research is necessary in order to guide these rule changes aimed to 
promote safe play while maintaining the beneficial aspects of sport participation. 
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CHAPTER SIX: 
DISCUSSION AND FUTURE DIRECTIONS 
 
SUMMARY AND DISCUSSION OF RESULTS 
 The goal of this work was to investigate the later-life functional and structural 
consequences of exposure to repeated head impacts (RHI) through tackle football prior to 
age 12. Our results suggest that incurring RHI through tackle football during a critical 
period of brain development may lead to later-life cognitive and behavioral difficulties, 
lower verbal intelligence, and reduced white matter integrity in the anterior corpus 
callosum (CC). We also observed reduced CC white matter integrity in former National 
Football League (NFL) players at high risk for having chronic traumatic encephalopathy 
(CTE) compared to former elite non-contact sport athletes. Taken together, this research 
suggests that exposure to RHI may lead to later-life microstructural alterations consistent 
with CTE, while incurring RHI prior to age 12 may disrupt further neurodevelopmental 
processes leading to later-life brain microstructural alterations and functional deficits.  
 We observed that former NFL players with an AFE to RHI through tackle football 
prior to age 12 (AFE <12) demonstrated executive dysfunction, memory impairment, and 
lower estimated verbal IQ (eVIQ) when compared to former NFL players who began 
playing tackle football at age 12 or older (AFE ≥12). Furthermore, we observed both 
reduced white matter microstructural integrity and a greater decline in white matter 
integrity with age in the anterior CC regions in former NFL players in the AFE <12 
group compared to those in the AFE ≥12 group. These results are consistent with 
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neurodevelopmental research suggesting that a critical period of neurodevelopment 
occurs between ages 9-12 (Chugani, 1998; Chugani et al., 1987; Epstein, 1999; Giedd, 
Blumenthal, Jeffries, Castellanos, et al., 1999; Lenroot & Giedd, 2008; Lenroot et al., 
2009; Snook et al., 2005; Uematsu et al., 2012), as well as research indicating that 
children have prolonged recovery and poorer outcomes following TBI compared to adults 
(V. Anderson, Spencer-Smith, et al., 2011; Baillargeon et al., 2012; Field et al., 2003; 
Zuckerman et al., 2012). The anterior CC appears particularly vulnerable due to rapid 
development occurring between ages 8-12 (Snook et al., 2005) and the small-diameter 
lightly-myelinated and unmyelinated fibers in that region (Aboitiz et al., 1992). Evidence 
suggests that normal developmental processes may be disrupted with TBI in childhood, 
leading to long-term neurodegernative changes and altered functional organization in 
adulthood (V. Anderson, Spencer-Smith, et al., 2010; Bigler & Maxwell, 2012; Giza & 
Hovda, 2001; Keightley et al., 2014; T. C. Wu et al., 2010). Both Wu et al. (2010) and 
Ewing-Cobbs et al. (2008) observed that children with a TBI did not show maturation-
related changes in diffusivity and volume of the CC, and cognitive functions did not 
improve at the same rate as typically-developing children. However, the research 
presented in this dissertation is the first to observe altered white matter microstructure 
and impaired cognitive function years following exposure to RHI, not TBI, in childhood.  
 Former NFL players who started playing tackle football prior to age 12 had a 
greater reduction in white matter integrity with age in frontal CC regions in this research. 
Other studies have reported accelerated aging, including cortical thinning, altered 
diffusivity, other brain structural alterations and disturbed information processing, 
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associated with smoking (Karama et al., 2015), alcohol dependence (Boutros et al., 
2000), hypertension (Tzourio, Laurent, & Debette, 2014), psychiatric disorders 
(Koutsouleris et al., 2014; Rizzo et al., 2014; Wolkowitz, Reus, & Mellon, 2011), and 
other chronic diseases (Cassol, Misra, Dutta, Morgello, & Gabuzda, 2014; Pfefferbaum et 
al., 2014; Schuitema et al., 2013; Stepanova, Rodriguez, Birerdinc, & Baranova, 2015). 
Additionally, Koerte and colleagues (2014) observed accelerated cortical thinning in 
former NFL players from the DETECT study compared to control athletes. It is possible 
that disruption of normal brain development due to RHI prior to age 12 may result in 
persistent alterations to brain structure that leave the brain more vulnerable to the natural 
aging process later in life.  
 Our findings of altered CC diffusivity in former NFL players compared to 
noncontact-sport athletes are consistent with previous research and may have 
implications as a potential biomarker for the diagnosis of CTE. Persistent alterations in 
diffusivity and CC volume and thickness following TBI in adults (Bendlin et al., 2008; 
Henry et al., 2011; Perez et al., 2014) and children (Ewing-Cobbs et al., 2008; V. E. 
Johnson, Stewart, Begbie, et al., 2013; T. C. Wu et al., 2010). Bazarian et al. (2014) also 
reported altered diffusivity that persisted for at least six months following exposure to 
RHI over one football season. Furthermore, other studies have reported evidence of 
reduced white matter integrity in former contact sport athletes (Hart et al., 2014; 
Tremblay et al., 2014; Zhang et al., 2006). However, due to the inability to diagnose CTE 
during life, it is unclear whether altered diffusivity observed in all former NFL players 
compared former non-contact sport athletes is caused by the neurodegenerative disease 
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CTE, residual damage from past concussions, or residual damage resulting from years of 
incurring RHI. If corroborated with postmortem neuropathological analysis, this reduced 
white matter integrity of the CC may represent a biomarker for CTE that, in combination 
with other validated biomarkers, could be used to diagnose CTE during life.  
 The lack of continuity in diffusion findings in the presence of consistently 
diminished cognitive functioning between studies may be explained by methodological 
differences. The fibers present using two-tensor tractography that are not generated using 
single-tensor tractography project to lateral aspects of the cortex, including the 
dorsolateral prefrontal cortex (DLPFC) in the frontal lobe. Some of the earliest 
neuropathological findings of CTE are observed in the DLPFC, and this region is 
profoundly affected as the disease progresses (McKee et al., 2009; Mckee et al., 2013). 
The commissural fibers connecting these areas run through Region I of the CC, as 
defined in this study. However, because only the U-shaped callosal fibers are produced 
using single-tensor tractography, the lateral-projecting fibers would only have been 
measured using two-tensor tractography. Consequently, it is possible that the two-tensor 
tractography may have been more sensitive to diffusivity changes resulting from possible 
CTE than the single-tensor tractography that only measures fibers extending to cortical 
regions less commonly affected in earlier stages of the disease. All participants were at 
high risk for having the disease, and diffusion measures differed significantly when all 
former NFL players were combined and compared to control subjects. On the other hand, 
it is also possible that CC diffusivity is not influenced by AFE to RHI, and the findings 
from the single-tensor study may be irreproducible. More research is clearly needed to 
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understand the effect of RHI prior to age 12 on later-life CC microstructural integrity, 
and studies should investigate this question in younger and asymptomatic individuals.  
 The findings of reduced premorbid eVIQ in the present research are intriguing 
and require further study. Reduced intelligence has been reported following TBI in other 
studies (V. Anderson, Catroppa, et al., 2012; V. Anderson, Catroppa, et al., 2009; 
McAllister et al., 2014; Moser et al., 2005). McAllister and colleagues (2014) observed 
that a group of college ice hockey and football players had significantly lower baseline 
scores on the WRAT-4 Reading test compared to collegiate noncontact-sport athletes. 
Though this did not reach clinical significance and may be explained by other factors, it 
is, nonetheless, intriguing given the results of our work. Reduced childhood intelligence 
can have considerable consequences and has been shown to be predictive of occupational 
attainment, job performance, and white matter integrity in older age (Deary et al., 2010). 
However, there are several limitations to the use of the WRAT-4 in this study, as will be 
discussed in the “Limitations” section of this chapter, and more research is needed to 
understand any potential intellectual consequences resulting from early exposure to RHI.  
 Nearly all clinical measures we investigated, including measures of premorbid 
intelligence, executive functioning, attention, memory, language, working memory, fine 
motor skills, visuospatial ability, and behavior, were correlated with diffusion measures 
in most CC regions. Other studies have found correlations between many of these 
measures and both following TBI (Bazarian et al., 2007; Ewing-Cobbs et al., 2008; 
McAllister et al., 2014; Treble et al., 2013; T. C. Wu et al., 2010) and in aging former 
athletes (Hart et al., 2013; Tremblay et al., 2014). These associations were present across 
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both groups of former NFL players, suggesting that cognitive function and behavior is 
associated with integrity of the corpus callosum in former football players at high risk for 
having CTE.  
Former NFL players who began playing tackle football at age 12 or older showed 
a stronger correlation between cognitive measures that differed between groups (e.g. 
WCST measures, NAB LL immediate recall, and WRAT-4 Reading) and diffusion 
measures, likely due to increased variability of performance across a spectrum from 
above average to below average. In contrast, those in the AFE <12 group consistently 
performed at the lower end of the average range to below average on these 
neuropsychological tests. All former NFL players combined showed reduced CC white 
matter integrity compared to the control group, and this may reflect neurodegenerative 
changes resulting from CTE. Cognitive impairment can lag behind structural 
neurodegeneration due to compensatory mechanisms that maintain function (Abuhassan, 
Coyle, Belatreche, & Maguire, 2014; Gould et al., 2006; Prvulovic, Van de Ven, Sack, 
Maurer, & Linden, 2005; Scheller, Minkova, Leitner, & Kloppel, 2014). If those in the 
AFE <12 group already had impaired function related to disruption of neurodevelopment 
by RHI incurred before age 12, it is possible that they had a limited capacity to utilize 
compensatory mechanisms in the presence of neurodegeneration from aging or possible 
CTE . 
Cognitive reserve, or an individual’s ability to recruit and coordinate brain regions 
as a result of factors such as educational attainment and life experience, is thought to be 
protective against cognitive decline associated with normal aging and neurodegenerative 
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disease (Bozzali et al., 2015; Lenehan, Summers, Saunders, Summers, & Vickers, 2014; 
Osone, Arai, Hakamada, & Shimoda, 2014; Serra et al., 2015; Y. Stern, 2007, 2009; 
Urbanowitsch, Degen, Toro, & Schroder, 2015). It has been posited that cognitive reserve 
is lowered in individuals following TBI (Bigler & Stern, 2015; Fay et al., 2010; Moretti 
et al., 2012; Moser et al., 2005; E. B. Schneider et al., 2014). Fay and colleagues (2010) 
found that cognitive reserve was a significant predictor of outcome following mTBI in 
children and adolescents. Moreover, of the three asymptomatic subjects included in a 
study of 36 confirmed cases of CTE by R. A. Stern et al. (2013), one was age 17, and the 
other two (aged in the 40s and 80s) had advanced graduate degrees and were described 
by informants as being highly intelligent. Given the lower eVIQ observed in the AFE <12 
group, it is possible cognitive reserve was diminished due to RHI in former NFL players 
who began playing tackle football prior to age 12, lessoning their ability to cope with 
later-life age or CTE-related decline.  
  
POTENTIAL IMPLICATIONS AND NEED FOR EDUCATION 
Education for parents, coaches, and athletes regarding concussions, subconcussive 
injury, and their consequences is essential to improve safety in youth sports. Studies have 
shown that athletes frequently neglect to report concussion symptoms, often because they 
did not think the injury is serious enough or they did not understand what a concussion 
was (McCrea, Hammeke, Olsen, Leo, & Guskiewicz, 2004; Meehan, Mannix, O'Brien, & 
Collins, 2013). Children may lack the ability to understand complex concussion 
symptoms and communicate these to adults (Mannings et al., 2014). Furthermore, 
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Mannings and colleagues (2014) showed that 94% of parents claimed that their youth 
athletes never experienced a concussion, but the majority performed poorly on questions 
measuring knowledge about concussions and their symptoms. It is critical to ensure that 
parents, athletes and coaches are educated about concussions, concussion reporting, 
proper management, and the possible consequences of concussive and subconcussive 
brain trauma (Covassin, Elbin, & Sarmiento, 2012). However, more research is needed in 
order to provide parents, coaches, athletes, and other stakeholders with adequate evidence 
on which to base decisions regarding sports participation and rule changes to improve 
safety.  
Youth football players can incur hundreds of hits to the head in one season (Cobb 
et al., 2013; Daniel et al., 2012, 2014b; T. J. Young et al., 2014).  Cobb and colleagues 
(2013) observed that children ages 8-19 incurred an average of 240 impacts, while Young 
et al. (2014)  and Daniel et al. (2012) reported that children ages 7-8 experienced an 
average of 161 and 107 hits to the head in one season, respectively. These hits are at 
similar magnitudes to those experienced by high school and college players (Broglio et 
al., 2011; Broglio et al., 2013; Cobb et al., 2013; Crisco et al., 2011; Crisco et al., 2012; 
Daniel et al., 2012, 2014a, 2014b; T. J. Young et al., 2014), including several hits that 
exceed 80g. Recent rule changes in some leagues may be successful in reducing exposure 
to RHI over the football season (Cobb et al., 2013; T. Young, Rowson, & Duma, 2014). 
However, more research is needed to fully understand long-term consequences of these 
impacts and whether or not the reduced exposure resulting from recent rule changes is 
adequate to prevent adverse effects later in life. The findings from this work, if supported 
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by findings of similar studies in the future, may provide evidence on which to base rule 
changes to improve safety in youth sports. Sports participation can provide countless 
benefits for children, including health benefits and development of leadership skills, 
social relationships, teamwork, sportsmanship, and work ethic. Therefore, more research 
is essential before rule or policy changes should be made based on the results of these 
studies.  
  
LIMITATIONS 
This work has several important methodological limitations to address. The 
sample size in these studies was limited by the need for using age-matched pairs. The 
results of this work should be replicated using a larger sample size. Additionally, the 
cross-sectional nature of this work limits the ability to establish causality between the 
AFE to RHI and later-life brain structure and function. Longitudinal designs should be 
utilized in future AFE studies. Furthermore, there is a risk of false-positive fiber tracing 
with both methods of DTI tractography used in this work, and this risk is increased with 
the use of two-tensor tractography (Quan et al., 2013). Moreover, the inclusion of only 
former NFL players in this work limits the ability to generalize these results to other 
groups. Ways in which to address this important limitation are discussed in the “Future 
Directions” section of this chapter.  
Participants in the DETECT study may be motivated to perform poorly on 
neuropsychological testing due to outside influences, including litigation against the NFL 
or the desire to obtain compensation from the NFL for medical care. However, the fact 
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that differences within the group of former NFL players were observed based solely on 
the age they began playing football suggests that this is not the case. Furthermore, all 
participants in this study self-reported symptoms at screening in order to be included. 
While it is noteworthy that differences were observed between groups based on AFE 
despite the fact that all participants were symptomatic, future studies should include 
former contact-sport athletes regardless of symptom status.  
While using age-matched pairs addressed the issue of era-related changes within 
the former NFL players in this study, there are likely differences in the nature of youth 
football today compared to when the participants in the AFE <12 group in this study 
participated in youth football. Furthermore, due to the retrospective acquisition of athletic 
history in this study, total exposure could not be definitively determined. Total years of 
football play was used as a proxy for total exposure, but this does not account for the 
possibility of additional exposure to RHI through other contact sports. Estimates of 
exposure could be made based on position and current helmet sensor data. However, 
because if potential era-related differences in style of football played, it is unclear if 
modern exposure data would apply to athletes who played football decades ago.  
In these studies we were unable to account for potential pre-exposure factors that 
could influence outcome. Family function, pre-exposure cognitive and learning abilities, 
pre-exposure behavior, cultural experience, parental socioeconomic status and parental 
education have all been shown to predict outcome following childhood TBI (V. 
Anderson, Godfrey, et al., 2012; Babikian et al., 2013; Waber et al., 2007). These factors 
may have a significant influence on intelligence (Manly et al., 2004), and it is unclear if 
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the lower WRAT-4 Reading scores in this work are the result of disrupted 
neurodevelopment due to RHI, pre-exposure intelligence differences, acquired memory 
impairment from possible neurodegenerative disease, or the other aforementioned factors. 
Furthermore, it is possible that children with lower verbal intelligence may be drown to 
playing football at an earlier age. Future studies should address these additional pre-
exposure factors. Additionally, the WRAT-4 Reading test is a limited measure of 
premorbid verbal intelligence. Future studies should utilize more comprehensive 
measures of intelligence. 
 
FUTURE DIRECTIONS 
Animal Models 
While many studies have used animal models to study TBI, there is a lack of 
animal models specifically examining RHI or juvenile TBI in a preadolescent age range. 
Most studies of juvenile TBI examine rats and mice at an age equivalent to toddlers or 
young children (Ajao et al., 2012; Fineman, Giza, Nahed, Lee, & Hovda, 2000; Giza et 
al., 2005; Giza, Maria, & Hovda, 2006; Griesbach, Hovda, Molteni, & Gomez-Pinilla, 
2002; Grundl et al., 1994; Huh, Widing, & Raghupathi, 2007; Kamper et al., 2013; Pop et 
al., 2013; Pullela et al., 2006). Studies of repeated TBI are most commonly performed in 
adult animals (R. E. Bennett, Mac Donald, & Brody, 2012; Creeley, Wozniak, Bayly, 
Olney, & Lewis, 2004; DeFord et al., 2002; DeRoss et al., 2002; Fujita, Wei, & 
Povlishock, 2012; L. Huang et al., 2013; Hylin et al., 2013; Kane et al., 2012; Laurer et 
al., 2001; Longhi et al., 2005; Mannix et al., 2013; Meehan, Zhang, Mannix, & Whalen, 
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2012; Shitaka et al., 2011; Shultz et al., 2012). A few animal models have demonstrated 
CTE-like pathology following repeated TBI or blast injury in older mice (Goldstein et al., 
2012; Mouzon et al., 2012; Ojo et al., 2013). One group has used a closed head injury 
method on post-natal day 35 mice to attempt to model repeated TBI in preadolescents 
(Prins, Alexander, Giza, & Hovda, 2013; Prins, Hales, Reger, Giza, & Hovda, 2010). 
These studies have shown increased vulnerability to and poorer outcomes following a 
second impact before full recovery from the initial injury. However, these studies do not 
model repeated subconcussive injury as experienced by contact sport athletes. The study 
of the later-life consequences of experiencing RHI in childhood would benefit from the 
development of animal models using repeated subconcussive impacts on preadolescent 
animals.  
 
Other Sports and Competition Levels 
While the inclusion of former NFL players allows for the study of a group with 
similar levels, nature, and degree of exposure, it limits the ability to generalize the 
findings to other groups. As former NFL players are at the highest level of their sport, 
their lifetime exposure to RHI is likely much higher than that of former players who only 
played football through youth and high school. Also, it is not known whether continued 
exposure to RHI in adolescence and adulthood influences the brain’s ability to recover 
following childhood exposure to RHI. A critical next step in research examining the 
relationship between AFE to tackle football and later-life consequences is to study 
individuals who only played football through college, high school or youth levels. It is 
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possible that the brain may be able to recover and later-life consequences of early 
exposure to RHI may be minimized or eliminated if the exposure to RHI is ceased in 
childhood or adolescence, while continued RHI exposure may impede the recovery 
processes. Studies including individuals who only played youth football are essential to 
investigate this theory. 
As the nature and amount of exposure may differ by sport, athletes involved in 
other contact sports at a young age, including soccer, hockey, and rugby, should also be 
studied. Youth soccer players ages 10-14 studied by Janda and colleagues (2002) headed 
the ball an average of 131-186 times, and up to 450 times, in one year. A study of midget 
and bantam level hockey players ages 13-15 found that they incurred an average of 223 
hits to the head over one season (Mihalik et al., 2012). Both hockey and soccer players 
have been diagnosed with CTE (McKee et al., 2014; McKee et al., 2013). However, the 
later-life effects of head impacts incurred by athletes in these sports prior to age 12 have 
yet to be examined.  
 
Female Athletes 
 The neurodevelopmental trajectory of females differs from that of males, with 
females generally reaching milestones, such as peaks in regional cortical thickness and 
amygdalar volume, earlier than males (Giedd, 2008; Giedd, Blumenthal, Jeffries, 
Castellanos, et al., 1999; Schmithorst & Holland, 2006; Uematsu et al., 2012; K. Wu et 
al., 2013). Furthermore, female athletes have been shown to be more susceptible to 
concussions and have poorer recovery following these injuries compared to males 
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(Blume et al., 2012; Covassin & Elbin, 2011; Dick, 2009; Zuckerman et al., 2014). 
Therefore, the results of this study should not be extrapolated to female athletes. Though 
football is primarily played by males, females are involved several other contact sports 
with high exposure to RHI, including soccer, ice hockey, rugby, boxing, and mixed 
martial arts. A study of college ice hockey players showed that female players can incur a 
median of 170 and up to 489 hits to the head in one season (Wilcox et al., 2014). Studies 
investigating the later-life consequences of RHI experienced during critical periods of 
neurodevelopment in females are needed. 
 
AFE with Other Risk Factors 
 The results of this research suggest that age of first exposure to RHI may 
influence later-life brain structure and function. However, some former NFL players in 
our studies who began playing tackle football after age 12 performed below normal on 
neuropsychological testing and had diffusivity measures at or below the level of those 
who began playing tackle football prior to age 12. This indicates that incurring RHI at 
age 12 or older is not necessarily free from long-term consequences. AFE is likely just 
one risk factor contributing to long-term outcome following RHI. Total duration of 
football play, as reported by informants, has been shown to be associated with the 
development and severity of neuropathologically confirmed CTE in former football 
players (McKee et al., 2013). In the study presented in Chapter Two, duration of football 
play was not predictive of outcome on any of the neuropsychological tests.  However, 
total duration was predictive of whole CC FA in Chapter Three. More research is needed 
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to understand the how AFE and total duration may interact to influence later-life outcome 
following RHI.  
 Genetic factors may also influence the way in which AFE impacts later-life brain 
structural and functional outcomes. Teasdale and colleagues (2005) found that children 
and young adults who possessed the Apoliporpotein E (APOE) ε4 allele were more likely 
to have a poor outcome following TBI. This influence was most pronounced in younger 
individuals, with APOE ε4 carriers injured before age 15 being equivalent to aging by 25 
years. Therefore, it is possible that possession of the APOE ε4 allele may influence effect 
that RHI experienced during youth may have on the brain. Future research should 
investigate APOE ε4 and other potential genetic risk factors in relation to later-life 
outcomes following exposure to RHI during youth 
The development of CTE is likely also influenced by genetic factors. The APOE 
ε4 allele was reported to be more prevalent in a sample of former athletes diagnosed with 
CTE, especially those whose initial presenting symptoms were in the cognitive domain, 
compared to the normal population (R. A. Stern et al., 2013). Other genes, such as those 
associated with poor outcome following TBI and those shown to be involved in other 
tauopathies could also contribute to the development of CTE. These genetic factors 
should be investigated in studies of CTE moving forward.    
 
Neurochemical Changes in Brain Development 
 In addition to structural neurodevelopmental changes during the critical period 
from 9-12, neurochemical changes may contribute to the way in which RHI in childhood 
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influences further brain development. Changes in dopamine resulting from stress appear 
to have a greater influence during development than during adulthood, possibly leading 
to excessive synaptic elimination (Andersen, 2003; Seeman et al., 1987; Selemon, 2014). 
The secretion of testosterone around puberty has been associated with white matter 
development and synaptic pruning (Andersen & Teicher, 2008; Blakemore et al., 2010). 
Studies using magnetic resonance spectroscopy have revealed persistently altered levels 
of brain metabolites, including N-acetyl aspartate, choline, and creatine following TBI in 
children (Hunter et al., 2005; Parry et al., 2004; Walz, Cecil, Wade, & Michaud, 2008; 
Yeo et al., 2006). Future research should us magnetic resonance spectroscopy techniques 
to investigate the neurochemical levels as both risk factors and outcomes with respect to 
AFE to RHI.  
 
Other Brain Structures 
 This work focused on the later-life microstructural integrity of the CC in those 
who participated in tackle football prior to age 12. Additional brain structures and regions 
may be adversely affected by RHI during critical stages of neurodevelopment. 
Beauchamp et al. (2011) observed reduced hippocampal volumes ten years post-injury in 
those who incurred a TBI in childhood across all severity levels, including mTBI, and the 
hippocampus has been shown to reach peak volume around age 12 (Uematsu et al., 
2012). Wilde and colleagues (2012) observed cortical thinning in frontal and parietal 
regions beyond that of normal development following moderate-to-severe TBI in children 
3 and 18 months following the injury. Furthermore, amygdala volumes (Uematsu et al., 
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2012) and other early-maturing white matter pathways (Lebel et al., 2008) have important 
developmental milestones around age 12. Therefore, upcoming studies should investigate 
the effect of RHI during neurodevelopment on other brain structures and regions.  
 
Functional MRI  
 Functional magnetic resonance imaging (fMRI) may represent a useful tool in the 
study of childhood exposure to RHI. Studies have used fMRI to demonstrate alterations 
in connectivity in children and adults following concussions (Borich et al., 2013; J. K. 
Chen et al., 2004; Dettwiler et al., 2014; Gosselin et al., 2011; Mayer et al., 2012; 
Schmithorst & Holland, 2006; Sinopoli et al., 2014; Slobounov et al., 2010), exposure to 
RHI (Abbas et al., 2014; Breedlove et al., 2012; B. Johnson et al., 2014; Talavage et al., 
2014), and in former NFL players (Ford et al., 2013; Hampshire et al., 2013).  In 
addition, significant changes in connectivity between brain regions occur in childhood 
development prior to age 12 (Deary et al., 2010; Spencer-Smith & Anderson, 2009; K. 
Wu et al., 2013).  Furthermore, fMRI has been used to study cognitive reserve and 
compensatory methods in aging and neurodegenerative disease (Bozzali et al., 2015; 
Prvulovic et al., 2005; Scheller et al., 2014). This imaging modality should be used in 
future research to monitor neurodevelopment in children who incurred RHI before age 12 
and in older adults to investigate the impact of AFE to RHI on compensatory mechanisms 
with aging.  
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Additional Age Cut-Offs 
 The youngest age that a former NFL player in this study began playing football 
was 6, and only three participants began playing football before age 8. However, some 
youth football leagues currently offer organized tackle football as early as age 5. The 
brain undergoes several stages of rapid development between periods of stability 
throughout neurodevelopment (V. Anderson, Spencer-Smith, et al., 2011; Epstein, 1999), 
in addition to the critical period from 9-12, and these other stages of rapid maturation 
may also represent periods of vulnerability to TBI. For example, significant 
neurodevelopment, including maturation of early executive skulls, appears to occur 
between ages 5-7.(Klenberg et al., 2001; Rueda, Rothbart, McCandliss, Saccomanno, & 
Posner, 2005; Spencer-Smith & Anderson, 2009). In one study, musicians who began 
playing music before age 7 were found to have an enlarged anterior CC (Schlaug et al., 
1995). Another study found that children who experienced a TBI before age 7 had a 
slower recovery and poorer outcome than older injured participants (V. Anderson et al., 
2005). Future research should also investigate the later-life consequences of exposure to 
RHI during earlier windows of vulnerability.  
 
Age 12 vs. Age at the Puberty Onset 
The age of onset of puberty could play an important role in the long-term 
consequences of RHI. Increased testosterone and other changes occurring at the onset of 
puberty may significantly influence the brain’s vulnerability to disrupted development 
(Blakemore et al., 2010; Brouwer et al., 2014). Although the onset of puberty in males is 
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generally around age 12, this can differ by individual (Blakemore et al., 2010; Brouwer et 
al., 2014; McGivern et al., 2002).  Therefore, age at puberty onset may more accurately 
represent a cut-off age for increased risk for later-life consequences from RHI in 
childhood than age 12, though they may be the same in some cases. Future studies should 
investigate the relationship between exposure to RHI through contact-sport participation 
prior to the onset of puberty and later-life brain structural and functional consequences. 
 
Longitudinal Studies Starting in Children 
 The gold standard for investigating the later-life consequences of exposure to RHI 
during critical periods of neurodevelopment in childhood would be a longitudinal study 
beginning in children prior to the onset of RHI exposure. Children who go on to 
participate in contact sports could then be compared to those who do not. Other 
limitations could also be addressed with this study design. A comprehensive measure of 
intelligence with normative data spanning from children through older adults could be 
used to obtain pre-exposure intelligence levels as well as follow intellectual development 
and, if present, decline over time. The use of helmet sensor technology would be 
beneficial in a longitudinal study design to more accurately measure total exposure to 
RHI throughout an athlete’s playing career. The use of a longitudinal design in a study 
beginning in children is essential to elucidate the relationship between childhood 
exposure to RHI and later-life consequences.  
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Diagnosis of CTE 
 Currently, the greatest barrier to further CTE research is the inability to diagnose 
this disease during life. Study of potential treatments for the disease cannot occur until it 
is possible to know who has the disease and, therefore, who should be treated. 
Additionally, studies of prevalence, prevention, and risk factors are also limited. Other 
long-term consequences from RHI, such as depression and executive dysfunction, may 
occur independent from CTE, and these may be related to AFE to RHI. Distinguishing 
between CTE and these other possible long-term consequences may play an important 
future treatment of both. Furthermore, it remains unclear if AFE to RHI is a risk factor 
for CTE, and prevention strategies may be aided by understanding which risk factors lead 
to which long-term outcomes. The discovery of biomarkers, such as cerebrospinal fluid 
markers and neuroimaging methods, will be key to diagnosing CTE. Promising research 
using positron emission tomography with a ligand that selectively binds to p-tau is 
currently under way. Altered CC diffusivity as observed in Chapter Four, may also 
represent a biomarker for CTE that could be used, in combination with other biomarkers, 
to diagnose CTE in the future. Sensitive and specific biomarkers present the best 
possibility for the diagnosis of CTE during life, which is the next critical step needed to 
advance knowledge of this neurodegenerative disease.  
 
CONCLUSION 
Previous lines of thought suggested that children would respond better than adults 
following brain injury due to the increased plasticity of the developing brain (G. E. 
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Schneider, 1979). However, more recent suggests that children may endure prolonged 
recovery and suffer poor outcomes following TBI. The results of the work presented in 
this dissertation are in line with this TBI research and suggests that, independent from 
concussive brain injury, incurring RHI during a critical period of neurodevelopment prior 
to age 12 may lead to later-life reduced white matter microstructural integrity, executive 
dysfunction, memory difficulties, and reduced estimated verbal IQ. Furthermore, our 
results also suggest that microstructural integrity of the corpus callosum, in combination 
with other diagnostic tools, may represent a biomarker for the diagnosis of CTE. The 
ability to diagnose this neurodegenerative during life is a critical next step on the path to 
treatment and prevention. With replication in larger samples and in a wider population, 
these findings may have implications for safety in youth sports. More research is needed 
to assist league officials, legislators, and coaches in making decisions aimed at increasing 
safety in youth sports and health care providers, parents, and athletes when weighing the 
potential detrimental effects of exposure to RHI with the countless benefits of sport 
participation. 
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APPENDIX 
The following tables contain the results for the association between neuropsychological 
testing and mood measures and diffusion measures within each age of first exposure 
group. The following abbreviations are used in the tables: CC, Corpus Callosum; FA, 
Fractional Anisotropy; AD, Axial Diffusivity; RD, Radial Diffusivity; Est., Estimate; 
AFE, Age of First Exposure; WRAT4, Wide Range Achievement Test-4th Edition; 
WCST, Wisconsin Card Sort Test; %E, Percent Errors; %PE, Percent Perseverative 
Errors; %NPE, Percent Non-Perseverative Errors; %PR, Percent Perseverative 
Responses; %CLR, Percent Conceptual Level Responses; NAB LL, Neuropsychological 
Assessment Battery List Learning; IR, Immediate Recall; SDR, Short Delay Recall; 
LDR, Long Delay Recall; COWAT, Controlled Oral Word Association Test; ROCF, 
Rey-Osterrieth Complex Figure; IPA, Immediate Presence and Accuracy; DR, Delayed 
Recall; DPA, Delayed Presence and Accuracy; GP, Grooved Pegboard; D-KEFS, Delis-
Kaplan Executive Functioning System; I/S, Inhibition/Switching; BRIEF-A, Behavior 
Rating Inventory of Executive Function-Adult Version; MI, Metacognition Index; BRI, 
Behavioral Regulation Index; BDHI, Buss-Durkee Hostility Inventory. 
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Whole CC FA 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 164.09 22.37 7.33 <.0001 177.62 22.15 8.02 <.0001
WCST %E 69.60 22.32 3.12 0.0019 79.40 22.09 3.60 0.0003 
WCST %PE 72.54 22.28 3.26 0.0012 82.59 22.05 3.75 0.0002 
WCST %NPE 69.80 22.33 3.13 0.0018 77.85 22.10 3.52 0.0004 
WCST %PR 73.22 22.26 3.29 0.0004 82.38 22.03 3.74 0.0002 
WCST %CLR 69.82 22.32 3.13 0.0018 79.30 22.09 3.59 0.0003 
NAB LL IR 75.50 22.29 3.39 0.0007 85.01 22.06 3.85 0.0001 
NAB LL SDR 83.12 22.49 3.70 0.0002 90.93 22.26 4.08 <.0001
NAB LL LDR 80.09 22.61 3.54 0.0004 84.86 22.38 3.79 0.0002 
COWAT FAS  91.08 22.39 4.07 <.0001 90.93 22.17 4.10 <.0001
Animal Fluency 84.70 22.41 3.78 0.0002 92.09 22.18 4.15 <.0001
ROCF IPA 86.69 22.40 3.87 0.0001 91.53 22.17 4.13 <.0001
ROCF DR 88.75 22.48 3.95 <.0001 91.81 22.25 4.13 <.0001
ROCF DPA 86.69 22.41 3.88 0.0001 92.98 22.18 4.19 <.0001
ROCF Organization 76.79 22.85 3.36 0.0008 81.37 22.63 3.60 0.0003 
Trails A 91.23 22.31 4.09 <.0001 92.43 22.10 4.18 <.0001
Trails B 83.89 22.63 3.71 0.0002 86.93 22.41 3.88 0.0001 
NAB Map Reading 82.78 22.35 3.70 0.0002 85.11 22.12 3.85 0.0001 
GP Dominant 75.71 22.39 3.38 0.0007 72.95 22.17 3.29 0.0010 
GP Non-Dominant  77.05 22.50 3.42 0.0006 72.09 22.28 3.24 0.0012 
D-KEFS Inhibition  23.14 22.12 1.05 0.2958 25.43 21.93 1.16 0.2465 
D-KEFS I/S  24.72 22.12 1.12 0.2640 25.53 21.93 1.16 0.2445 
BRIEF-A MI 115.96 22.70 5.11 <.0001 114.05 22.48 5.07 <.0001
BRIEF-A BRI 114.13 22.58 5.06 <.0001 110.84 22.35 4.96 <.0001
Beck Depression  36.49 22.57 1.62 0.1061 36.64 22.34 1.64 0.1013 
Beck Hopelessness 15.41 22.26 0.69 0.4889 16.37 22.03 0.74 0.4576 
BDHI 67.34 22.59 2.98 0.0029 63.36 22.37 2.83 0.0047 
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Whole CC Trace 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 3.34 0.45 7.46 <.0001 3.73 0.45 8.23 <.0001
WCST %E 1.00 0.45 2.24 0.0249 1.26 0.45 2.79 0.0054 
WCST %PE 1.07 0.45 2.41 0.0162 1.34 0.45 2.98 0.0030 
WCST %NPE 1.01 0.45 2.26 0.0240 1.22 0.45 2.70 0.0071 
WCST %PR 1.09 0.44 2.45 0.0071 1.34 0.45 2.97 0.0030 
WCST %CLR 1.01 0.45 2.26 0.0242 1.26 0.45 2.78 0.0055 
NAB LL IR 1.15 0.45 2.58 0.0101 1.41 0.45 3.12 0.0018 
NAB LL SDR 1.34 0.45 2.97 0.0031 1.56 0.46 3.41 0.0007 
NAB LL LDR 1.26 0.46 2.77 0.0057 1.41 0.46 3.05 0.0023 
COWAT FAS  1.53 0.45 3.42 0.0006 1.56 0.45 3.43 0.0006 
Animal Fluency 1.37 0.45 3.05 0.0024 1.58 0.46 3.47 0.0005 
ROCF IPA 1.42 0.45 3.16 0.0016 1.57 0.45 3.46 0.0006 
ROCF DR 1.47 0.45 3.26 0.0011 1.58 0.46 3.46 0.0006 
ROCF DPA 1.42 0.45 3.17 0.0015 1.61 0.45 3.54 0.0004 
ROCF Organization 1.18 0.46 2.55 0.0109 1.31 0.47 2.79 0.0053 
Trails A 1.53 0.45 3.43 0.0006 1.59 0.45 3.51 0.0005 
Trails B 1.36 0.46 2.98 0.0030 1.45 0.46 3.14 0.0017 
NAB Map Reading 1.33 0.45 2.98 0.0030 1.41 0.45 3.12 0.0019 
GP Dominant 1.15 0.45 2.56 0.0107 1.10 0.45 2.42 0.0158 
GP Non-Dominant  1.18 0.45 2.61 0.0093 1.07 0.46 2.34 0.0193 
D-KEFS Inhibition  -0.15 0.44 -0.33 0.7386 -0.09 0.45 -0.19 0.8469 
D-KEFS I/S  -0.11 0.44 -0.25 0.8060 -0.08 0.45 -0.19 0.8513 
BRIEF-A MI 2.15 0.46 4.71 <.0001 2.14 0.46 4.64 <.0001
BRIEF-A BRI 2.11 0.45 4.66 <.0001 2.06 0.46 4.50 <.0001
Beck Depression  0.19 0.45 0.42 0.6723 0.20 0.46 0.44 0.6605 
Beck Hopelessness -0.34 0.44 -0.76 0.4501 -0.31 0.45 -0.69 0.4889 
BDHI 0.95 0.45 2.09 0.0364 0.87 0.46 1.90 0.0576 
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Whole CC AD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 5.86 0.72 8.16 <.0001 6.48 0.72 8.96 <.0001
WCST %E 2.02 0.72 2.82 0.0049 2.43 0.72 3.38 0.0007 
WCST %PE 2.13 0.71 2.99 0.0028 2.57 0.72 3.58 0.0004 
WCST %NPE 2.03 0.72 2.83 0.0047 2.37 0.72 3.29 0.0010 
WCST %PR 2.16 0.71 3.03 0.0010 2.56 0.72 3.57 0.0004 
WCST %CLR 2.03 0.72 2.83 0.0047 2.43 0.72 3.38 0.0008 
NAB LL IR 2.25 0.71 3.16 0.0016 2.67 0.72 3.72 0.0002 
NAB LL SDR 2.57 0.72 3.55 0.0004 2.92 0.73 4.01 <.0001
NAB LL LDR 2.44 0.73 3.35 0.0008 2.67 0.73 3.63 0.0003 
COWAT FAS  2.89 0.72 4.02 <.0001 2.91 0.72 4.03 <.0001
Animal Fluency 2.62 0.72 3.64 0.0003 2.96 0.73 4.08 <.0001
ROCF IPA 2.70 0.72 3.76 0.0002 2.94 0.72 4.06 <.0001
ROCF DR 2.79 0.72 3.85 0.0001 2.95 0.73 4.05 <.0001
ROCF DPA 2.70 0.72 3.77 0.0002 3.00 0.72 4.14 <.0001
ROCF Organization 2.31 0.74 3.11 0.0019 2.52 0.75 3.37 0.0008 
Trails A 2.89 0.72 4.04 <.0001 2.97 0.72 4.12 <.0001
Trails B 2.60 0.73 3.55 0.0004 2.75 0.74 3.73 0.0002 
NAB Map Reading 2.56 0.72 3.57 0.0004 2.68 0.72 3.71 0.0002 
GP Dominant 2.26 0.72 3.14 0.0017 2.17 0.72 3.00 0.0028 
GP Non-Dominant  2.31 0.73 3.18 0.0015 2.13 0.73 2.92 0.0036 
D-KEFS Inhibition  0.13 0.71 0.18 0.8586 0.23 0.71 0.32 0.7501 
D-KEFS I/S  0.19 0.71 0.27 0.7883 0.23 0.71 0.33 0.7447 
BRIEF-A MI 3.91 0.73 5.33 <.0001 3.88 0.74 5.25 <.0001
BRIEF-A BRI 3.84 0.73 5.28 <.0001 3.74 0.73 5.12 <.0001
Beck Depression  0.68 0.73 0.93 0.3505 0.70 0.73 0.95 0.3425 
Beck Hopelessness -0.19 0.71 -0.26 0.7937 -0.14 0.72 -0.20 0.8427 
BDHI 1.93 0.73 2.65 0.0081 1.79 0.73 2.44 0.0147 
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Whole CC RD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 16.77 1.57 10.69 <.0001 18.89 1.60 11.80 <.0001
WCST %E 4.86 1.55 3.13 0.0018 6.20 1.58 3.92 <.0001
WCST %PE 5.20 1.54 3.37 0.0008 6.62 1.57 4.21 <.0001
WCST %NPE 4.91 1.55 3.16 0.0016 5.99 1.58 3.78 0.0002 
WCST %PR 5.28 1.54 3.43 0.0002 6.59 1.57 4.20 <.0001
WCST %CLR 4.89 1.55 3.15 0.0017 6.18 1.58 3.91 <.0001
NAB LL IR 5.60 1.54 3.64 0.0003 6.99 1.57 4.45 <.0001
NAB LL SDR 6.57 1.59 4.14 <.0001 7.77 1.62 4.81 <.0001
NAB LL LDR 6.16 1.62 3.81 0.0001 6.98 1.65 4.23 <.0001
COWAT FAS  7.56 1.57 4.83 <.0001 7.74 1.60 4.85 <.0001
Animal Fluency 6.73 1.58 4.27 <.0001 7.84 1.61 4.87 <.0001
ROCF IPA 6.98 1.57 4.45 <.0001 7.82 1.60 4.89 <.0001
ROCF DR 7.27 1.58 4.59 <.0001 7.88 1.62 4.88 <.0001
ROCF DPA 6.98 1.57 4.46 <.0001 8.02 1.60 5.00 <.0001
ROCF Organization 5.76 1.67 3.44 0.0006 6.43 1.71 3.77 0.0002 
Trails A 7.56 1.55 4.86 <.0001 7.89 1.59 4.97 <.0001
Trails B 6.68 1.62 4.11 <.0001 7.15 1.66 4.31 <.0001
NAB Map Reading 6.53 1.55 4.20 <.0001 6.99 1.59 4.41 <.0001
GP Dominant 5.59 1.57 3.56 0.0004 5.36 1.60 3.34 0.0008 
GP Non-Dominant  5.74 1.60 3.60 0.0003 5.23 1.63 3.21 0.0014 
D-KEFS Inhibition  -1.00 1.51 -0.66 0.5080 -0.68 1.54 -0.44 0.6578 
D-KEFS I/S  -0.80 1.51 -0.53 0.5957 -0.67 1.54 -0.44 0.6616 
BRIEF-A MI 10.74 1.63 6.59 <.0001 10.77 1.66 6.48 <.0001
BRIEF-A BRI 10.51 1.60 6.57 <.0001 10.33 1.63 6.33 <.0001
Beck Depression  0.75 1.61 0.46 0.6424 0.80 1.64 0.49 0.6250 
Beck Hopelessness -1.95 1.54 -1.27 0.2043 -1.84 1.57 -1.17 0.2404 
BDHI 4.60 1.61 2.86 0.0043 4.27 1.64 2.60 0.0095 
 
  
185
 
 
 
 
 
Region I FA 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 154.62 20.43 7.57 <.0001 171.18 20.60 8.31 <.0001
WCST %E 55.38 20.36 2.72 0.0066 66.75 20.53 3.25 0.0012 
WCST %PE 58.50 20.31 2.88 0.0040 70.16 20.48 3.43 0.0006 
WCST %NPE 55.56 20.38 2.73 0.0065 65.08 20.54 3.17 0.0016 
WCST %PR 59.22 20.29 2.92 0.0016 69.94 20.46 3.42 0.0006 
WCST %CLR 55.61 20.36 2.73 0.0064 66.64 20.53 3.25 0.0012 
NAB LL IR 61.64 20.32 3.03 0.0025 72.74 20.49 3.55 0.0004 
NAB LL SDR 69.62 20.56 3.39 0.0007 79.18 20.73 3.82 0.0001 
NAB LL LDR 66.43 20.71 3.21 0.0014 72.57 20.88 3.48 0.0005 
COWAT FAS  77.99 20.43 3.82 0.0001 79.30 20.60 3.85 0.0001 
Animal Fluency 71.25 20.46 3.48 0.0005 80.37 20.63 3.89 0.0001 
ROCF IPA 73.37 20.46 3.59 0.0003 79.66 20.63 3.86 0.0001 
ROCF DR 75.68 20.54 3.68 0.0002 79.92 20.72 3.86 0.0001 
ROCF DPA 73.37 20.46 3.6 0.0003 81.18 20.64 3.93 <.0001
ROCF Organization 62.82 21.00 2.99 0.0028 68.94 21.18 3.25 0.0012 
Trails A 78.11 20.36 3.84 0.0001 80.56 20.54 3.92 <.0001
Trails B 70.56 20.74 3.40 0.0007 74.48 20.92 3.56 0.0004 
NAB Map Reading 69.24 20.39 3.40 0.0007 72.88 20.57 3.54 0.0004 
GP Dominant 61.87 20.45 3.02 0.0025 59.78 20.63 2.90 0.0038 
GP Non-Dominant  63.37 20.58 3.08 0.0021 58.99 20.75 2.84 0.0045 
D-KEFS Inhibition  6.70 20.15 0.33 0.7396 9.40 20.33 0.46 0.6438 
D-KEFS I/S  8.35 20.15 0.41 0.6788 9.47 20.33 0.47 0.6414 
BRIEF-A MI 104.15 20.81 5.01 <.0001 103.84 20.98 4.95 <.0001
BRIEF-A BRI 102.11 20.67 4.94 <.0001 100.24 20.85 4.81 <.0001
Beck Depression  20.71 20.66 1.00 0.3165 21.41 20.84 1.03 0.3043 
Beck Hopelessness -1.36 20.29 -0.07 0.9466 -0.17 20.46 -0.01 0.9935 
BDHI 53.01 20.69 2.56 0.0105 49.76 20.87 2.38 0.0172 
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Region I Trace 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 3.55 0.43 8.26 <.0001 3.92 0.43 9.08 <.0001
WCST %E 1.13 0.43 2.65 0.0081 1.39 0.43 3.24 0.0012 
WCST %PE 1.20 0.43 2.83 0.0048 1.47 0.43 3.44 0.0006 
WCST %NPE 1.14 0.43 2.67 0.0077 1.35 0.43 3.14 0.0017 
WCST %PR 1.22 0.43 2.87 0.0017 1.47 0.43 3.43 0.0006 
WCST %CLR 1.14 0.43 2.66 0.0078 1.38 0.43 3.23 0.0013 
NAB LL IR 1.28 0.43 3.01 0.0026 1.54 0.43 3.59 0.0003 
NAB LL SDR 1.48 0.43 3.42 0.0006 1.69 0.43 3.89 0.0001 
NAB LL LDR 1.40 0.44 3.20 0.0014 1.53 0.44 3.50 0.0005 
COWAT FAS  1.68 0.43 3.91 <.0001 1.69 0.43 3.91 <.0001
Animal Fluency 1.51 0.43 3.51 0.0005 1.71 0.43 3.96 <.0001
ROCF IPA 1.56 0.43 3.63 0.0003 1.71 0.43 3.95 <.0001
ROCF DR 1.62 0.43 3.74 0.0002 1.72 0.43 3.95 <.0001
ROCF DPA 1.56 0.43 3.64 0.0003 1.74 0.43 4.03 <.0001
ROCF Organization 1.32 0.45 2.96 0.0032 1.43 0.45 3.20 0.0014 
Trails A 1.69 0.43 3.95 <.0001 1.72 0.43 4.02 <.0001
Trails B 1.50 0.44 3.43 0.0006 1.58 0.44 3.61 0.0003 
NAB Map Reading 1.47 0.43 3.43 0.0006 1.54 0.43 3.57 0.0004 
GP Dominant 1.29 0.43 2.99 0.0028 1.22 0.43 2.83 0.0047 
GP Non-Dominant  1.32 0.43 3.04 0.0025 1.20 0.44 2.75 0.0061 
D-KEFS Inhibition  -0.06 0.42 -0.14 0.8921 0.01 0.42 0.01 0.9899 
D-KEFS I/S  -0.02 0.42 -0.04 0.9681 0.01 0.42 0.02 0.9830 
BRIEF-A MI 2.33 0.44 5.29 <.0001 2.29 0.44 5.19 <.0001
BRIEF-A BRI 2.28 0.43 5.25 <.0001 2.21 0.44 5.07 <.0001
Beck Depression  0.29 0.44 0.67 0.5030 0.30 0.44 0.68 0.4944 
Beck Hopelessness -0.26 0.43 -0.60 0.5479 -0.23 0.43 -0.53 0.5941 
BDHI 1.08 0.44 2.48 0.0134 0.99 0.44 2.25 0.0245 
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Region I AD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 6.26 0.66 9.47 <.0001 6.92 0.67 10.35 <.0001
WCST %E 2.19 0.66 3.34 0.0009 2.64 0.66 3.98 <.0001
WCST %PE 2.31 0.65 3.54 0.0004 2.78 0.66 4.20 <.0001
WCST %NPE 2.20 0.66 3.35 0.0008 2.57 0.66 3.87 0.0001 
WCST %PR 2.34 0.65 3.59 0.0001 2.77 0.66 4.20 <.0001
WCST %CLR 2.20 0.66 3.35 0.0008 2.63 0.66 3.97 <.0001
NAB LL IR 2.45 0.65 3.74 0.0002 2.89 0.66 4.36 <.0001
NAB LL SDR 2.78 0.67 4.17 <.0001 3.14 0.67 4.67 <.0001
NAB LL LDR 2.64 0.67 3.92 <.0001 2.88 0.68 4.23 <.0001
COWAT FAS  3.12 0.66 4.71 <.0001 3.14 0.67 4.71 <.0001
Animal Fluency 2.83 0.66 4.27 <.0001 3.19 0.67 4.76 <.0001
ROCF IPA 2.92 0.66 4.40 <.0001 3.17 0.67 4.74 <.0001
ROCF DR 3.01 0.67 4.51 <.0001 3.18 0.67 4.72 <.0001
ROCF DPA 2.92 0.66 4.41 <.0001 3.23 0.67 4.82 <.0001
ROCF Organization 2.50 0.69 3.62 0.0003 2.72 0.70 3.90 0.0001 
Trails A 3.12 0.66 4.76 <.0001 3.20 0.66 4.83 <.0001
Trails B 2.82 0.68 4.16 <.0001 2.97 0.68 4.34 <.0001
NAB Map Reading 2.76 0.66 4.19 <.0001 2.89 0.67 4.34 <.0001
GP Dominant 2.45 0.66 3.71 0.0002 2.36 0.67 3.53 0.0004 
GP Non-Dominant  2.51 0.67 3.75 0.0002 2.32 0.68 3.43 0.0006 
D-KEFS Inhibition  0.19 0.64 0.29 0.7685 0.30 0.65 0.46 0.6491 
D-KEFS I/S  0.26 0.64 0.40 0.6899 0.30 0.65 0.46 0.6426 
BRIEF-A MI 4.20 0.68 6.18 <.0001 4.16 0.69 6.07 <.0001
BRIEF-A BRI 4.12 0.67 6.14 <.0001 4.03 0.68 5.94 <.0001
Beck Depression  0.78 0.67 1.15 0.2495 0.79 0.68 1.17 0.2435 
Beck Hopelessness -0.14 0.65 -0.22 0.8270 -0.10 0.66 -0.15 0.8842 
BDHI 2.10 0.67 3.12 0.0018 1.95 0.68 2.87 0.0042 
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Region I RD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 17.12 1.61 10.64 <.0001 18.79 1.60 11.75 <.0001
WCST %E 5.21 1.58 3.29 0.0010 6.41 1.57 4.07 <.0001
WCST %PE 5.55 1.58 3.52 0.0004 6.82 1.57 4.35 <.0001
WCST %NPE 5.27 1.59 3.32 0.0009 6.21 1.58 3.94 <.0001
WCST %PR 5.64 1.57 3.58 <.0001 6.79 1.56 4.35 <.0001
WCST %CLR 5.24 1.58 3.31 0.0010 6.39 1.57 4.06 <.0001
NAB LL IR 5.95 1.57 3.78 0.0002 7.16 1.57 4.57 <.0001
NAB LL SDR 6.92 1.62 4.27 <.0001 7.89 1.61 4.90 <.0001
NAB LL LDR 6.52 1.65 3.96 <.0001 7.14 1.64 4.36 <.0001
COWAT FAS  7.91 1.60 4.94 <.0001 7.86 1.59 4.94 <.0001
Animal Fluency 7.09 1.61 4.41 <.0001 8.00 1.60 5.00 <.0001
ROCF IPA 7.32 1.60 4.57 <.0001 7.98 1.59 5.00 <.0001
ROCF DR 7.61 1.62 4.71 <.0001 8.05 1.61 5.01 <.0001
ROCF DPA 7.32 1.60 4.58 <.0001 8.17 1.60 5.12 <.0001
ROCF Organization 6.14 1.71 3.60 0.0003 6.60 1.70 3.89 0.0001 
Trails A 7.93 1.58 5.01 <.0001 8.06 1.58 5.11 <.0001
Trails B 7.03 1.65 4.26 <.0001 7.39 1.64 4.50 <.0001
NAB Map Reading 6.87 1.59 4.32 <.0001 7.15 1.58 4.52 <.0001
GP Dominant 5.96 1.60 3.72 0.0002 5.61 1.59 3.52 0.0004 
GP Non-Dominant  6.09 1.63 3.74 0.0002 5.47 1.62 3.37 0.0008 
D-KEFS Inhibition  -0.65 1.54 -0.42 0.6742 -0.33 1.53 -0.22 0.8285 
D-KEFS I/S  -0.45 1.54 -0.29 0.7712 -0.31 1.53 -0.20 0.8385 
BRIEF-A MI 11.08 1.67 6.65 <.0001 10.82 1.66 6.53 <.0001
BRIEF-A BRI 10.87 1.63 6.67 <.0001 10.44 1.62 6.44 <.0001
Beck Depression  1.08 1.64 0.66 0.5096 1.11 1.63 0.68 0.4982 
Beck Hopelessness -1.63 1.57 -1.04 0.2989 -1.47 1.56 -0.95 0.3447 
BDHI 4.96 1.64 3.02 0.0026 4.48 1.63 2.74 0.0062 
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Region II FA 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 157.37 21.10 7.46 <.0001 170.37 20.79 8.20 <.0001
WCST %E 61.94 21.05 2.94 0.0033 71.59 20.73 3.45 0.0006 
WCST %PE 64.89 21.00 3.09 0.0020 74.81 20.69 3.62 0.0003 
WCST %NPE 62.16 21.06 2.95 0.0032 70.00 20.74 3.38 0.0008 
WCST %PR 65.56 20.98 3.12 0.0008 74.59 20.67 3.61 0.0003 
WCST %CLR 62.15 21.05 2.95 0.0032 71.45 20.73 3.45 0.0006 
NAB LL IR 67.88 21.01 3.23 0.0013 77.33 20.70 3.74 0.0002 
NAB LL SDR 75.55 21.22 3.56 0.0004 83.29 20.91 3.98 <.0001
NAB LL LDR 72.50 21.36 3.40 0.0007 77.18 21.04 3.67 0.0003 
COWAT FAS  83.67 21.11 3.96 <.0001 83.41 20.80 4.01 <.0001
Animal Fluency 77.24 21.13 3.65 0.0003 84.43 20.82 4.05 <.0001
ROCF IPA 79.13 21.14 3.74 0.0002 83.74 20.83 4.02 <.0001
ROCF DR 81.44 21.21 3.84 0.0001 84.07 20.90 4.02 <.0001
ROCF DPA 79.13 21.14 3.76 0.0002 85.20 20.83 4.09 <.0001
ROCF Organization 69.00 21.62 3.19 0.0015 73.64 21.31 3.46 0.0006 
Trails A 83.76 21.04 3.98 <.0001 84.69 20.74 4.08 <.0001
Trails B 76.34 21.39 3.57 0.0004 79.09 21.08 3.75 0.0002 
NAB Map Reading 75.21 21.08 3.57 0.0004 77.37 20.77 3.73 0.0002 
GP Dominant 68.15 21.12 3.23 0.0013 65.12 20.81 3.13 0.0018 
GP Non-Dominant  69.48 21.24 3.27 0.0011 64.38 20.93 3.08 0.0021 
D-KEFS Inhibition  15.06 20.84 0.72 0.4700 17.36 20.57 0.84 0.3989 
D-KEFS I/S  16.66 20.84 0.80 0.4243 17.42 20.57 0.85 0.3972 
BRIEF-A MI 108.88 21.46 5.07 <.0001 106.36 21.15 5.03 <.0001
BRIEF-A BRI 106.96 21.32 5.02 <.0001 103.14 21.01 4.91 <.0001
Beck Depression  28.58 21.31 1.34 0.1802 28.57 21.00 1.36 0.1740 
Beck Hopelessness 7.29 20.98 0.35 0.7285 8.23 20.67 0.40 0.6904 
BDHI 59.62 21.34 2.79 0.0053 55.43 21.03 2.64 0.0085 
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Region II Trace 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 3.79 0.40 9.39 <.0001 4.17 0.41 10.28 <.0001
WCST %E 1.31 0.40 3.28 0.0011 1.57 0.40 3.91 <.0001
WCST %PE 1.38 0.40 3.47 0.0005 1.66 0.40 4.13 <.0001
WCST %NPE 1.32 0.40 3.29 0.001 1.53 0.40 3.80 0.0001 
WCST %PR 1.40 0.40 3.52 0.0001 1.65 0.40 4.13 <.0001
WCST %CLR 1.32 0.40 3.29 0.0010 1.57 0.40 3.90 0.0001 
NAB LL IR 1.47 0.40 3.68 0.0002 1.73 0.40 4.30 <.0001
NAB LL SDR 1.67 0.41 4.11 <.0001 1.89 0.41 4.61 <.0001
NAB LL LDR 1.59 0.41 3.86 0.0001 1.72 0.41 4.17 <.0001
COWAT FAS  1.87 0.40 4.65 <.0001 1.88 0.41 4.65 <.0001
Animal Fluency 1.70 0.40 4.20 <.0001 1.91 0.41 4.69 <.0001
ROCF IPA 1.75 0.40 4.34 <.0001 1.90 0.41 4.68 <.0001
ROCF DR 1.80 0.41 4.44 <.0001 1.91 0.41 4.66 <.0001
ROCF DPA 1.75 0.40 4.34 <.0001 1.94 0.41 4.77 <.0001
ROCF Organization 1.50 0.42 3.57 0.0004 1.62 0.42 3.84 0.0001 
Trails A 1.87 0.40 4.68 <.0001 1.92 0.40 4.76 <.0001
Trails B 1.69 0.41 4.10 <.0001 1.77 0.41 4.27 <.0001
NAB Map Reading 1.66 0.40 4.13 <.0001 1.73 0.40 4.29 <.0001
GP Dominant 1.47 0.40 3.63 0.0003 1.40 0.41 3.45 0.0006 
GP Non-Dominant  1.50 0.41 3.67 0.0003 1.38 0.41 3.35 0.0008 
D-KEFS Inhibition  0.09 0.39 0.23 0.8148 0.16 0.40 0.40 0.6926 
D-KEFS I/S  0.13 0.39 0.34 0.7356 0.16 0.40 0.40 0.6861 
BRIEF-A MI 2.53 0.41 6.12 <.0001 2.50 0.42 6.02 <.0001
BRIEF-A BRI 2.48 0.41 6.08 <.0001 2.42 0.41 5.88 <.0001
Beck Depression  0.45 0.41 1.10 0.2698 0.46 0.41 1.12 0.2629 
Beck Hopelessness -0.11 0.40 -0.27 0.7837 -0.08 0.40 -0.20 0.8422 
BDHI 1.26 0.41 3.06 0.0022 1.16 0.41 2.82 0.0048 
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Region II AD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 6.51 0.68 9.56 <.0001 7.09 0.68 10.46 <.0001
WCST %E 2.43 0.68 3.60 0.0003 2.85 0.67 4.23 <.0001
WCST %PE 2.56 0.67 3.79 0.0002 2.99 0.67 4.45 <.0001
WCST %NPE 2.44 0.68 3.61 0.0003 2.78 0.67 4.12 <.0001
WCST %PR 2.58 0.67 3.84 <.0001 2.98 0.67 4.44 <.0001
WCST %CLR 2.44 0.68 3.61 0.0003 2.84 0.67 4.22 <.0001
NAB LL IR 2.69 0.67 3.99 <.0001 3.10 0.67 4.61 <.0001
NAB LL SDR 3.02 0.69 4.40 <.0001 3.36 0.68 4.91 <.0001
NAB LL LDR 2.89 0.69 4.16 <.0001 3.09 0.69 4.47 <.0001
COWAT FAS  3.36 0.68 4.94 <.0001 3.36 0.68 4.95 <.0001
Animal Fluency 3.07 0.68 4.50 <.0001 3.40 0.68 5.00 <.0001
ROCF IPA 3.16 0.68 4.63 <.0001 3.38 0.68 4.97 <.0001
ROCF DR 3.25 0.69 4.72 <.0001 3.39 0.68 4.95 <.0001
ROCF DPA 3.16 0.68 4.64 <.0001 3.44 0.68 5.05 <.0001
ROCF Organization 2.74 0.71 3.87 0.0001 2.94 0.71 4.16 <.0001
Trails A 3.36 0.68 4.97 <.0001 3.41 0.67 5.06 <.0001
Trails B 3.05 0.70 4.39 <.0001 3.17 0.69 4.57 <.0001
NAB Map Reading 3.00 0.68 4.43 <.0001 3.10 0.68 4.59 <.0001
GP Dominant 2.69 0.68 3.95 <.0001 2.57 0.68 3.79 0.0002 
GP Non-Dominant  2.74 0.69 3.99 <.0001 2.53 0.69 3.69 0.0002 
D-KEFS Inhibition  0.43 0.66 0.64 0.5205 0.53 0.66 0.80 0.4257 
D-KEFS I/S  0.49 0.66 0.74 0.4573 0.53 0.66 0.80 0.4210 
BRIEF-A MI 4.44 0.70 6.36 <.0001 4.36 0.70 6.27 <.0001
BRIEF-A BRI 4.36 0.69 6.32 <.0001 4.22 0.69 6.14 <.0001
Beck Depression  1.02 0.69 1.47 0.1415 1.02 0.69 1.48 0.1380 
Beck Hopelessness 0.10 0.67 0.14 0.8870 0.14 0.67 0.21 0.8320 
BDHI 2.34 0.69 3.38 0.0007 2.17 0.69 3.14 0.0017 
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Region II RD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 18.61 1.46 12.78 <.0001 20.72 1.48 13.96 <.0001
WCST %E 6.02 1.42 4.24 <.0001 7.39 1.45 5.11 <.0001
WCST %PE 6.39 1.41 4.53 <.0001 7.83 1.44 5.45 <.0001
WCST %NPE 6.06 1.42 4.27 <.0001 7.18 1.45 4.96 <.0001
WCST %PR 6.48 1.40 4.61 <.0001 7.80 1.43 5.45 <.0001
WCST %CLR 6.05 1.42 4.26 <.0001 7.38 1.45 5.10 <.0001
NAB LL IR 6.81 1.41 4.84 <.0001 8.19 1.44 5.71 <.0001
NAB LL SDR 7.85 1.46 5.37 <.0001 9.02 1.49 6.05 <.0001
NAB LL LDR 7.41 1.50 4.94 <.0001 8.17 1.53 5.35 <.0001
COWAT FAS  8.88 1.44 6.16 <.0001 8.97 1.47 6.11 <.0001
Animal Fluency 7.98 1.45 5.49 <.0001 9.10 1.48 6.15 <.0001
ROCF IPA 8.26 1.44 5.73 <.0001 9.11 1.47 6.20 <.0001
ROCF DR 8.52 1.46 5.82 <.0001 9.15 1.49 6.13 <.0001
ROCF DPA 8.26 1.44 5.72 <.0001 9.31 1.47 6.32 <.0001
ROCF Organization 7.02 1.57 4.47 <.0001 7.62 1.60 4.77 <.0001
Trails A 8.89 1.42 6.25 <.0001 9.16 1.45 6.31 <.0001
Trails B 7.97 1.51 5.29 <.0001 8.40 1.54 5.47 <.0001
NAB Map Reading 7.79 1.42 5.47 <.0001 8.21 1.45 5.66 <.0001
GP Dominant 6.80 1.44 4.71 <.0001 6.50 1.47 4.41 <.0001
GP Non-Dominant  6.96 1.48 4.71 <.0001 6.34 1.51 4.21 <.0001
D-KEFS Inhibition  -0.18 1.36 -0.13 0.894 0.15 1.39 0.11 0.9157 
D-KEFS I/S  0.02 1.36 0.02 0.9859 0.17 1.39 0.12 0.9044 
BRIEF-A MI 12.22 1.52 8.07 <.0001 12.22 1.54 7.92 <.0001
BRIEF-A BRI 11.99 1.48 8.11 <.0001 11.76 1.51 7.80 <.0001
Beck Depression  1.67 1.49 1.12 0.2644 1.74 1.52 1.14 0.2539 
Beck Hopelessness -1.20 1.40 -0.86 0.3901 -1.07 1.43 -0.75 0.4557 
BDHI 5.76 1.49 3.86 0.0001 5.35 1.52 3.52 0.0004 
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Region III FA 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 175.82 16.96 10.37 <.0001 190.52 17.02 11.20 <.0001
WCST %E 85.84 16.90 5.08 <.0001 96.02 16.95 5.66 <.0001
WCST %PE 88.65 16.85 5.26 <.0001 99.10 16.91 5.86 <.0001
WCST %NPE 86.00 16.92 5.08 <.0001 94.50 16.97 5.57 <.0001
WCST %PR 89.29 16.84 5.30 <.0001 98.88 16.89 5.85 <.0001
WCST %CLR 86.04 16.90 5.09 <.0001 95.89 16.95 5.66 <.0001
NAB LL IR 91.39 16.86 5.42 <.0001 101.52 16.92 6.00 <.0001
NAB LL SDR 98.66 17.10 5.77 <.0001 107.22 17.16 6.25 <.0001
NAB LL LDR 95.79 17.24 5.56 <.0001 101.40 17.30 5.86 <.0001
COWAT FAS  106.32 16.98 6.26 <.0001 107.13 17.04 6.29 <.0001
Animal Fluency 100.14 17.01 5.89 <.0001 108.17 17.07 6.34 <.0001
ROCF IPA 101.99 17.00 6.00 <.0001 107.65 17.06 6.31 <.0001
ROCF DR 104.12 17.08 6.10 <.0001 107.96 17.14 6.30 <.0001
ROCF DPA 101.99 17.01 6.02 <.0001 109.09 17.07 6.39 <.0001
ROCF Organization 92.51 17.54 5.28 <.0001 98.05 17.60 5.57 <.0001
Trails A 106.34 16.90 6.29 <.0001 108.61 16.97 6.40 <.0001
Trails B 99.42 17.28 5.75 <.0001 103.27 17.34 5.96 <.0001
NAB Map Reading 98.35 16.94 5.81 <.0001 101.45 17.00 5.97 <.0001
GP Dominant 91.65 16.99 5.39 <.0001 89.78 17.05 5.27 <.0001
GP Non-Dominant  92.93 17.12 5.43 <.0001 88.99 17.18 5.18 <.0001
D-KEFS Inhibition  41.52 16.68 2.49 0.0129 44.12 16.74 2.64 0.0085 
D-KEFS I/S  43.00 16.68 2.58 0.0100 44.17 16.74 2.64 0.0084 
BRIEF-A MI 129.83 17.38 7.47 <.0001 129.22 17.44 7.41 <.0001
BRIEF-A BRI 128.10 17.23 7.44 <.0001 126.09 17.29 7.29 <.0001
Beck Depression  54.12 17.20 3.15 0.0017 54.85 17.26 3.18 0.0015 
Beck Hopelessness 34.11 16.83 2.03 0.0429 35.32 16.89 2.09 0.0367 
BDHI 83.55 17.23 4.85 <.0001 80.67 17.29 4.67 <.0001
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Region III Trace 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 3.55 0.38 9.45 <.0001 3.92 0.38 10.41 <.0001
WCST %E 1.08 0.37 2.91 0.0037 1.34 0.37 3.58 0.0004 
WCST %PE 1.16 0.37 3.11 0.0019 1.42 0.37 3.83 0.0001 
WCST %NPE 1.09 0.37 2.92 0.0035 1.29 0.37 3.47 0.0005 
WCST %PR 1.17 0.37 3.16 0.0005 1.42 0.37 3.82 0.0001 
WCST %CLR 1.09 0.37 2.92 0.0035 1.33 0.37 3.58 0.0004 
NAB LL IR 1.24 0.37 3.33 0.0009 1.49 0.37 4.00 <.0001
NAB LL SDR 1.44 0.38 3.80 0.0002 1.65 0.38 4.34 <.0001
NAB LL LDR 1.36 0.38 3.53 0.0004 1.49 0.38 3.86 0.0001 
COWAT FAS  1.64 0.38 4.38 <.0001 1.65 0.38 4.38 <.0001
Animal Fluency 1.47 0.38 3.89 0.0001 1.67 0.38 4.42 <.0001
ROCF IPA 1.52 0.38 4.04 <.0001 1.66 0.38 4.42 <.0001
ROCF DR 1.57 0.38 4.14 <.0001 1.67 0.38 4.39 <.0001
ROCF DPA 1.52 0.38 4.04 <.0001 1.70 0.38 4.51 <.0001
ROCF Organization 1.27 0.39 3.21 0.0014 1.38 0.40 3.50 0.0005 
Trails A 1.65 0.37 4.42 <.0001 1.68 0.37 4.49 <.0001
Trails B 1.46 0.39 3.78 0.0002 1.53 0.39 3.97 <.0001
NAB Map Reading 1.43 0.37 3.83 0.0001 1.50 0.37 4.01 <.0001
GP Dominant 1.24 0.38 3.29 0.001 1.17 0.38 3.09 0.0020 
GP Non-Dominant  1.27 0.38 3.33 0.0009 1.14 0.38 2.98 0.0029 
D-KEFS Inhibition  -0.14 0.36 -0.37 0.7083 -0.07 0.37 -0.20 0.8406 
D-KEFS I/S  -0.10 0.36 -0.26 0.7932 -0.07 0.37 -0.19 0.8489 
BRIEF-A MI 2.30 0.39 5.94 <.0001 2.26 0.39 5.85 <.0001
BRIEF-A BRI 2.25 0.38 5.89 <.0001 2.18 0.38 5.70 <.0001
Beck Depression  0.22 0.38 0.58 0.5608 0.23 0.38 0.60 0.5459 
Beck Hopelessness -0.34 0.37 -0.91 0.362 -0.31 0.37 -0.83 0.4075 
BDHI 1.02 0.38 2.67 0.0078 0.93 0.38 2.42 0.0157 
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Region III AD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 6.34 0.58 11.00 <.0001 6.96 0.58 11.99 <.0001
WCST %E 2.45 0.57 4.28 <.0001 2.86 0.58 4.98 <.0001
WCST %PE 2.57 0.57 4.50 <.0001 3.00 0.57 5.23 <.0001
WCST %NPE 2.46 0.57 4.29 <.0001 2.80 0.58 4.85 <.0001
WCST %PR 2.59 0.57 4.56 <.0001 2.99 0.57 5.23 <.0001
WCST %CLR 2.46 0.57 4.29 <.0001 2.86 0.58 4.97 <.0001
NAB LL IR 2.68 0.57 4.70 <.0001 3.10 0.57 5.40 <.0001
NAB LL SDR 3.01 0.58 5.16 <.0001 3.35 0.59 5.72 <.0001
NAB LL LDR 2.88 0.59 4.87 <.0001 3.10 0.59 5.21 <.0001
COWAT FAS  3.33 0.58 5.78 <.0001 3.35 0.58 5.78 <.0001
Animal Fluency 3.05 0.58 5.26 <.0001 3.39 0.58 5.81 <.0001
ROCF IPA 3.13 0.58 5.41 <.0001 3.38 0.58 5.80 <.0001
ROCF DR 3.22 0.58 5.51 <.0001 3.38 0.59 5.76 <.0001
ROCF DPA 3.13 0.58 5.42 <.0001 3.44 0.58 5.89 <.0001
ROCF Organization 2.73 0.61 4.49 <.0001 2.95 0.61 4.82 <.0001
Trails A 3.33 0.57 5.82 <.0001 3.41 0.58 5.91 <.0001
Trails B 3.04 0.59 5.12 <.0001 3.18 0.60 5.33 <.0001
NAB Map Reading 2.99 0.57 5.21 <.0001 3.11 0.58 5.39 <.0001
GP Dominant 2.69 0.58 4.66 <.0001 2.60 0.58 4.46 <.0001
GP Non-Dominant  2.74 0.59 4.68 <.0001 2.55 0.59 4.34 <.0001
D-KEFS Inhibition  0.52 0.56 0.93 0.3528 0.62 0.56 1.11 0.2682 
D-KEFS I/S  0.58 0.56 1.04 0.2970 0.63 0.56 1.12 0.2640 
BRIEF-A MI 4.36 0.60 7.30 <.0001 4.33 0.60 7.21 <.0001
BRIEF-A BRI 4.28 0.59 7.27 <.0001 4.19 0.59 7.08 <.0001
Beck Depression  1.08 0.59 1.83 0.0671 1.10 0.59 1.86 0.0630 
Beck Hopelessness 0.20 0.57 0.35 0.7244 0.25 0.57 0.44 0.6610 
BDHI 2.35 0.59 3.97 <.0001 2.21 0.59 3.72 0.0002 
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Region III RD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 18.48 1.35 13.66 <.0001 20.30 1.34 15.13 <.0001
WCST %E 5.04 1.29 3.89 0.0001 6.34 1.28 4.95 <.0001
WCST %PE 5.41 1.28 4.22 <.0001 6.80 1.27 5.36 <.0001
WCST %NPE 5.10 1.29 3.94 <.0001 6.12 1.28 4.77 <.0001
WCST %PR 5.51 1.27 4.32 <.0001 6.78 1.26 5.36 <.0001
WCST %CLR 5.07 1.29 3.92 <.0001 6.33 1.28 4.94 <.0001
NAB LL IR 5.89 1.28 4.60 <.0001 7.17 1.27 5.65 <.0001
NAB LL SDR 6.99 1.35 5.18 <.0001 8.04 1.34 6.00 <.0001
NAB LL LDR 6.52 1.40 4.67 <.0001 7.15 1.39 5.16 <.0001
COWAT FAS  8.07 1.32 6.11 <.0001 8.03 1.31 6.12 <.0001
Animal Fluency 7.14 1.33 5.35 <.0001 8.15 1.32 6.16 <.0001
ROCF IPA 7.43 1.32 5.62 <.0001 8.15 1.31 6.22 <.0001
ROCF DR 7.72 1.35 5.72 <.0001 8.18 1.34 6.11 <.0001
ROCF DPA 7.43 1.32 5.61 <.0001 8.35 1.32 6.34 <.0001
ROCF Organization 6.06 1.48 4.09 <.0001 6.54 1.47 4.45 <.0001
Trails A 8.12 1.30 6.25 <.0001 8.19 1.29 6.34 <.0001
Trails B 7.11 1.41 5.05 <.0001 7.39 1.39 5.30 <.0001
NAB Map Reading 6.92 1.30 5.35 <.0001 7.25 1.29 5.64 <.0001
GP Dominant 5.87 1.33 4.43 <.0001 5.41 1.31 4.11 <.0001
GP Non-Dominant  6.03 1.37 4.41 <.0001 5.24 1.36 3.86 0.0001 
D-KEFS Inhibition  -1.59 1.22 -1.31 0.1917 -1.24 1.21 -1.02 0.3066 
D-KEFS I/S  -1.36 1.22 -1.12 0.2628 -1.21 1.21 -1.00 0.3167 
BRIEF-A MI 11.70 1.41 8.31 <.0001 11.41 1.40 8.17 <.0001
BRIEF-A BRI 11.43 1.36 8.38 <.0001 10.95 1.35 8.09 <.0001
Beck Depression  0.41 1.39 0.30 0.7660 0.43 1.38 0.32 0.7527 
Beck Hopelessness -2.67 1.27 -2.10 0.0361 -2.49 1.26 -1.97 0.0488 
BDHI 4.74 1.38 3.43 0.0006 4.19 1.37 3.06 0.0023 
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Region IV FA 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 166.00 12.72 13.05 <.0001 179.01 12.58 14.23 <.0001
WCST %E 74.85 12.55 5.96 <.0001 84.21 12.40 6.79 <.0001
WCST %PE 77.69 12.47 6.23 <.0001 87.33 12.33 7.08 <.0001
WCST %NPE 75.01 12.57 5.97 <.0001 82.68 12.42 6.66 <.0001
WCST %PR 78.34 12.44 6.30 <.0001 87.14 12.30 7.08 <.0001
WCST %CLR 75.07 12.55 5.98 <.0001 84.08 12.40 6.78 <.0001
NAB LL IR 80.56 12.51 6.44 <.0001 89.50 12.36 7.24 <.0001
NAB LL SDR 87.95 12.84 6.85 <.0001 95.23 12.70 7.50 <.0001
NAB LL LDR 85.08 13.03 6.53 <.0001 89.40 12.89 6.94 <.0001
COWAT FAS  95.64 12.69 7.54 <.0001 95.17 12.54 7.59 <.0001
Animal Fluency 89.45 12.69 7.05 <.0001 96.56 12.55 7.70 <.0001
ROCF IPA 91.47 12.70 7.20 <.0001 95.64 12.56 7.62 <.0001
ROCF DR 93.24 12.82 7.27 <.0001 96.20 12.68 7.59 <.0001
ROCF DPA 91.47 12.72 7.22 <.0001 97.06 12.57 7.72 <.0001
ROCF Organization 82.25 13.44 6.12 <.0001 85.71 13.29 6.45 <.0001
Trails A 95.70 12.54 7.63 <.0001 96.88 12.41 7.81 <.0001
Trails B 88.76 13.07 6.79 <.0001 91.54 12.92 7.08 <.0001
NAB Map Reading 87.59 12.62 6.94 <.0001 89.49 12.48 7.17 <.0001
GP Dominant 80.74 12.68 6.37 <.0001 77.97 12.54 6.22 <.0001
GP Non-Dominant  81.95 12.86 6.37 <.0001 77.34 12.71 6.08 <.0001
D-KEFS Inhibition  29.91 12.23 2.45 0.0146 31.98 12.12 2.64 0.0084 
D-KEFS I/S  31.42 12.23 2.57 0.0103 32.14 12.12 2.65 0.0081 
BRIEF-A MI 119.33 13.27 8.99 <.0001 117.37 13.12 8.94 <.0001
BRIEF-A BRI 117.66 13.04 9.02 <.0001 114.28 12.90 8.86 <.0001
Beck Depression  42.66 12.97 3.29 0.0010 42.58 12.82 3.32 0.0009 
Beck Hopelessness 22.30 12.45 1.79 0.0734 23.12 12.30 1.88 0.0604 
BDHI 72.63 13.02 5.58 <.0001 68.39 12.88 5.31 <.0001
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Region IV Trace 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 3.17 0.37 8.65 <.0001 3.55 0.37 9.60 <.0001
WCST %E 0.79 0.36 2.16 0.0310 1.04 0.37 2.83 0.0047 
WCST %PE 0.86 0.36 2.36 0.0182 1.12 0.37 3.07 0.0022 
WCST %NPE 0.79 0.36 2.18 0.0297 1.00 0.37 2.72 0.0067 
WCST %PR 0.87 0.36 2.41 0.0067 1.12 0.37 3.06 0.0023 
WCST %CLR 0.79 0.36 2.17 0.0298 1.04 0.37 2.82 0.0048 
NAB LL IR 0.93 0.36 2.58 0.0101 1.19 0.37 3.25 0.0012 
NAB LL SDR 1.13 0.37 3.05 0.0023 1.35 0.37 3.60 0.0003 
NAB LL LDR 1.05 0.37 2.80 0.0052 1.19 0.38 3.14 0.0017 
COWAT FAS  1.32 0.37 3.61 0.0003 1.34 0.37 3.63 0.0003 
Animal Fluency 1.16 0.37 3.14 0.0017 1.37 0.37 3.67 0.0003 
ROCF IPA 1.21 0.37 3.29 0.0010 1.36 0.37 3.67 0.0002 
ROCF DR 1.26 0.37 3.42 0.0007 1.37 0.37 3.65 0.0003 
ROCF DPA 1.21 0.37 3.31 0.0010 1.40 0.37 3.77 0.0002 
ROCF Organization 0.96 0.38 2.49 0.0130 1.10 0.39 2.82 0.0049 
Trails A 1.33 0.36 3.65 0.0003 1.37 0.37 3.72 0.0002 
Trails B 1.14 0.38 3.04 0.0024 1.23 0.38 3.23 0.0013 
NAB Map Reading 1.12 0.36 3.07 0.0022 1.20 0.37 3.26 0.0011 
GP Dominant 0.94 0.37 2.55 0.0109 0.87 0.37 2.35 0.0187 
GP Non-Dominant  0.97 0.37 2.61 0.0093 0.85 0.38 2.25 0.0246 
D-KEFS Inhibition  -0.39 0.36 -1.09 0.2778 -0.32 0.36 -0.90 0.3684 
D-KEFS I/S  -0.35 0.36 -0.98 0.3293 -0.32 0.36 -0.89 0.3716 
BRIEF-A MI 1.96 0.38 5.20 <.0001 1.95 0.38 5.12 <.0001
BRIEF-A BRI 1.91 0.37 5.14 <.0001 1.86 0.38 4.96 <.0001
Beck Depression  -0.04 0.37 -0.10 0.9192 -0.03 0.38 -0.07 0.9414 
Beck Hopelessness -0.58 0.36 -1.59 0.1111 -0.55 0.37 -1.51 0.1315 
BDHI 0.73 0.37 1.95 0.0508 0.65 0.38 1.72 0.0849 
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Region IV AD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 6.16 0.57 10.73 <.0001 6.76 0.58 11.72 <.0001
WCST %E 2.37 0.57 4.16 <.0001 2.78 0.57 4.85 <.0001
WCST %PE 2.48 0.57 4.38 <.0001 2.91 0.57 5.11 <.0001
WCST %NPE 2.37 0.57 4.16 <.0001 2.71 0.57 4.73 <.0001
WCST %PR 2.51 0.57 4.43 <.0001 2.90 0.57 5.10 <.0001
WCST %CLR 2.38 0.57 4.17 <.0001 2.77 0.57 4.85 <.0001
NAB LL IR 2.60 0.57 4.58 <.0001 3.01 0.57 5.27 <.0001
NAB LL SDR 2.91 0.58 5.02 <.0001 3.25 0.58 5.58 <.0001
NAB LL LDR 2.79 0.59 4.75 <.0001 3.01 0.59 5.09 <.0001
COWAT FAS  3.23 0.57 5.62 <.0001 3.25 0.58 5.63 <.0001
Animal Fluency 2.96 0.58 5.14 <.0001 3.30 0.58 5.69 <.0001
ROCF IPA 3.04 0.58 5.29 <.0001 3.27 0.58 5.66 <.0001
ROCF DR 3.12 0.58 5.39 <.0001 3.29 0.58 5.64 <.0001
ROCF DPA 3.04 0.58 5.31 <.0001 3.33 0.58 5.76 <.0001
ROCF Organization 2.66 0.60 4.40 <.0001 2.86 0.61 4.71 <.0001
Trails A 3.23 0.57 5.67 <.0001 3.30 0.57 5.76 <.0001
Trails B 2.94 0.59 4.99 <.0001 3.08 0.59 5.20 <.0001
NAB Map Reading 2.89 0.57 5.07 <.0001 3.02 0.57 5.26 <.0001
GP Dominant 2.61 0.57 4.54 <.0001 2.51 0.58 4.35 <.0001
GP Non-Dominant  2.66 0.58 4.56 <.0001 2.48 0.58 4.24 <.0001
D-KEFS Inhibition  0.50 0.56 0.89 0.3726 0.60 0.56 1.07 0.2859 
D-KEFS I/S  0.56 0.56 1.00 0.3156 0.60 0.56 1.08 0.2815 
BRIEF-A MI 4.23 0.59 7.13 <.0001 4.20 0.60 7.06 <.0001
BRIEF-A BRI 4.15 0.58 7.11 <.0001 4.07 0.59 6.93 <.0001
Beck Depression  1.04 0.59 1.78 0.0750 1.06 0.59 1.80 0.0719 
Beck Hopelessness 0.19 0.57 0.33 0.7402 0.23 0.57 0.41 0.6797 
BDHI 2.28 0.59 3.89 0.0001 2.14 0.59 3.63 0.0003 
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Region IV RD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 17.38 1.03 16.86 <.0001 19.51 1.05 18.59 <.0001
WCST %E 4.65 0.98 4.75 <.0001 6.01 0.99 6.05 <.0001
WCST %PE 5.02 0.97 5.19 <.0001 6.46 0.98 6.59 <.0001
WCST %NPE 4.70 0.98 4.79 <.0001 5.80 1.00 5.82 <.0001
WCST %PR 5.10 0.96 5.32 <.0001 6.43 0.97 6.61 <.0001
WCST %CLR 4.68 0.98 4.77 <.0001 6.00 0.99 6.03 <.0001
NAB LL IR 5.44 0.95 5.70 <.0001 6.88 0.97 7.07 <.0001
NAB LL SDR 6.48 1.04 6.25 <.0001 7.72 1.06 7.31 <.0001
NAB LL LDR 6.02 1.09 5.51 <.0001 6.85 1.11 6.16 <.0001
COWAT FAS  7.51 1.00 7.48 <.0001 7.70 1.02 7.54 <.0001
Animal Fluency 6.62 1.03 6.43 <.0001 7.74 1.05 7.38 <.0001
ROCF IPA 6.86 1.01 6.82 <.0001 7.82 1.03 7.63 <.0001
ROCF DR 7.22 1.04 6.96 <.0001 7.81 1.06 7.39 <.0001
ROCF DPA 6.86 1.01 6.84 <.0001 8.03 1.03 7.80 <.0001
ROCF Organization 5.46 1.19 4.58 <.0001 6.35 1.21 5.24 <.0001
Trails A 7.54 0.99 7.63 <.0001 7.78 1.01 7.70 <.0001
Trails B 6.55 1.12 5.88 <.0001 6.99 1.13 6.16 <.0001
NAB Map Reading 6.42 0.97 6.60 <.0001 6.95 0.99 7.01 <.0001
GP Dominant 5.44 1.01 5.37 <.0001 5.11 1.03 4.95 <.0001
GP Non-Dominant  5.62 1.06 5.30 <.0001 4.90 1.08 4.54 <.0001
D-KEFS Inhibition  -1.62 0.89 -1.83 0.0681 -1.24 0.90 -1.38 0.1682 
D-KEFS I/S  -1.41 0.88 -1.59 0.1118 -1.24 0.90 -1.38 0.1681 
BRIEF-A MI 10.97 1.09 10.03 <.0001 10.97 1.11 9.85 <.0001
BRIEF-A BRI 10.71 1.05 10.22 <.0001 10.50 1.07 9.85 <.0001
Beck Depression  0.31 1.09 0.28 0.7769 0.40 1.11 0.36 0.7198 
Beck Hopelessness -2.59 0.96 -2.71 0.0069 -2.45 0.97 -2.52 0.0117 
BDHI 4.36 1.08 4.04 <.0001 4.05 1.10 3.70 0.0002 
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Region V FA 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 130.80 6.14 21.32 <.0001 145.19 6.21 23.38 <.0001
WCST %E 40.15 5.24 7.67 <.0001 49.46 5.26 9.40 <.0001
WCST %PE 42.99 5.10 8.43 <.0001 52.51 5.12 10.25 <.0001
WCST %NPE 40.33 5.28 7.65 <.0001 47.92 5.30 9.04 <.0001
WCST %PR 43.65 5.02 8.70 <.0001 52.35 5.04 10.39 <.0001
WCST %CLR 40.36 5.22 7.73 <.0001 49.45 5.25 9.43 <.0001
NAB LL IR 45.79 5.09 9.00 <.0001 55.03 5.14 10.70 <.0001
NAB LL SDR 53.08 5.98 8.88 <.0001 60.47 6.05 10.00 <.0001
NAB LL LDR 50.21 6.37 7.89 <.0001 54.81 6.45 8.50 <.0001
COWAT FAS  60.74 5.42 11.22 <.0001 61.44 5.47 11.22 <.0001
Animal Fluency 54.68 5.60 9.76 <.0001 62.00 5.66 10.94 <.0001
ROCF IPA 56.61 5.69 9.94 <.0001 60.72 5.76 10.55 <.0001
ROCF DR 58.43 5.76 10.15 <.0001 62.44 5.82 10.72 <.0001
ROCF DPA 56.61 5.66 10.05 <.0001 62.59 5.72 10.93 <.0001
ROCF Organization 47.16 7.25 6.51 <.0001 50.73 7.34 6.91 <.0001
Trails A 60.92 5.06 12.03 <.0001 62.19 5.12 12.15 <.0001
Trails B 53.85 6.44 8.36 <.0001 57.02 6.52 8.74 <.0001
NAB Map Reading 52.79 5.44 9.70 <.0001 54.58 5.50 9.92 <.0001
GP Dominant 46.04 5.43 8.48 <.0001 43.77 5.49 7.97 <.0001
GP Non-Dominant  47.35 5.89 8.04 <.0001 42.75 5.96 7.18 <.0001
D-KEFS Inhibition  -4.43 4.18 -1.06 0.2897 -2.44 4.20 -0.58 0.5623 
D-KEFS I/S  -2.90 4.16 -0.70 0.4858 -2.30 4.18 -0.55 0.5820 
BRIEF-A MI 84.50 6.81 12.42 <.0001 83.47 6.89 12.11 <.0001
BRIEF-A BRI 82.81 6.17 13.41 <.0001 81.03 6.25 12.97 <.0001
Beck Depression  8.27 6.11 1.35 0.1763 7.57 6.19 1.22 0.2212 
Beck Hopelessness -11.97 4.87 -2.46 0.0141 -11.09 4.90 -2.27 0.0237 
BDHI 37.89 6.26 6.05 <.0001 34.02 6.34 5.37 <.0001
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Region V Trace 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 3.50 0.16 21.86 <.0001 3.86 0.16 23.69 <.0001
WCST %E 1.09 0.13 8.13 <.0001 1.32 0.14 9.77 <.0001
WCST %PE 1.16 0.13 8.93 <.0001 1.41 0.13 10.68 <.0001
WCST %NPE 1.10 0.13 8.14 <.0001 1.28 0.14 9.40 <.0001
WCST %PR 1.18 0.13 9.22 <.0001 1.40 0.13 10.85 <.0001
WCST %CLR 1.09 0.13 8.21 <.0001 1.32 0.13 9.80 <.0001
NAB LL IR 1.24 0.13 9.59 <.0001 1.47 0.13 11.19 <.0001
NAB LL SDR 1.43 0.15 9.26 <.0001 1.61 0.16 10.24 <.0001
NAB LL LDR 1.35 0.17 8.14 <.0001 1.46 0.17 8.65 <.0001
COWAT FAS  1.64 0.14 11.81 <.0001 1.64 0.14 11.60 <.0001
Animal Fluency 1.47 0.15 10.08 <.0001 1.65 0.15 11.14 <.0001
ROCF IPA 1.52 0.15 10.36 <.0001 1.63 0.15 10.92 <.0001
ROCF DR 1.58 0.15 10.80 <.0001 1.67 0.15 11.23 <.0001
ROCF DPA 1.52 0.15 10.45 <.0001 1.68 0.15 11.27 <.0001
ROCF Organization 1.27 0.19 6.69 <.0001 1.35 0.19 6.96 <.0001
Trails A 1.64 0.13 12.41 <.0001 1.66 0.13 12.34 <.0001
Trails B 1.46 0.17 8.71 <.0001 1.52 0.17 8.91 <.0001
NAB Map Reading 1.43 0.14 10.33 <.0001 1.47 0.14 10.44 <.0001
GP Dominant 1.24 0.14 8.78 <.0001 1.16 0.14 8.07 <.0001
GP Non-Dominant  1.27 0.15 8.26 <.0001 1.13 0.16 7.19 <.0001
D-KEFS Inhibition  -0.09 0.10 -0.91 0.3630 -0.04 0.10 -0.43 0.6705 
D-KEFS I/S  -0.05 0.10 -0.52 0.6047 -0.04 0.10 -0.39 0.6968 
BRIEF-A MI 2.28 0.17 13.34 <.0001 2.24 0.17 12.89 <.0001
BRIEF-A BRI 2.24 0.15 14.63 <.0001 2.18 0.16 14.00 <.0001
Beck Depression  0.26 0.16 1.63 0.1030 0.24 0.16 1.46 0.1434 
Beck Hopelessness -0.28 0.12 -2.30 0.0215 -0.27 0.13 -2.14 0.0328 
BDHI 1.05 0.16 6.54 <.0001 0.93 0.16 5.73 <.0001
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Region V AD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 5.60 0.26 21.76 <.0001 6.17 0.26 23.64 <.0001
WCST %E 1.75 0.22 8.14 <.0001 2.13 0.22 9.81 <.0001
WCST %PE 1.87 0.21 8.94 <.0001 2.26 0.21 10.71 <.0001
WCST %NPE 1.76 0.22 8.13 <.0001 2.07 0.22 9.44 <.0001
WCST %PR 1.90 0.21 9.23 <.0001 2.26 0.21 10.87 <.0001
WCST %CLR 1.76 0.21 8.22 <.0001 2.13 0.22 9.85 <.0001
NAB LL IR 2.00 0.21 9.51 <.0001 2.37 0.21 11.10 <.0001
NAB LL SDR 2.31 0.25 9.25 <.0001 2.59 0.25 10.27 <.0001
NAB LL LDR 2.18 0.27 8.18 <.0001 2.36 0.27 8.72 <.0001
COWAT FAS  2.64 0.22 11.80 <.0001 2.64 0.23 11.63 <.0001
Animal Fluency 2.37 0.23 10.11 <.0001 2.66 0.24 11.20 <.0001
ROCF IPA 2.45 0.24 10.36 <.0001 2.62 0.24 10.93 <.0001
ROCF DR 2.54 0.24 10.64 <.0001 2.68 0.24 11.11 <.0001
ROCF DPA 2.45 0.24 10.43 <.0001 2.69 0.24 11.26 <.0001
ROCF Organization 2.05 0.30 6.76 <.0001 2.18 0.31 7.08 <.0001
Trails A 2.63 0.21 12.44 <.0001 2.67 0.21 12.43 <.0001
Trails B 2.34 0.27 8.74 <.0001 2.45 0.27 9.00 <.0001
NAB Map Reading 2.29 0.22 10.26 <.0001 2.36 0.23 10.39 <.0001
GP Dominant 2.00 0.23 8.83 <.0001 1.88 0.23 8.19 <.0001
GP Non-Dominant  2.05 0.25 8.32 <.0001 1.83 0.25 7.31 <.0001
D-KEFS Inhibition  -0.13 0.17 -0.77 0.4401 -0.05 0.17 -0.30 0.7611 
D-KEFS I/S  -0.06 0.17 -0.39 0.6963 -0.04 0.17 -0.26 0.7919 
BRIEF-A MI 3.65 0.28 13.18 <.0001 3.59 0.28 12.78 <.0001
BRIEF-A BRI 3.58 0.25 14.45 <.0001 3.49 0.25 13.88 <.0001
Beck Depression  0.43 0.26 1.68 0.0940 0.39 0.26 1.51 0.1305 
Beck Hopelessness -0.44 0.20 -2.19 0.0285 -0.41 0.20 -2.02 0.0435 
BDHI 1.68 0.26 6.54 <.0001 1.50 0.26 5.73 <.0001
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Region V RD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 18.88 0.87 21.60 <.0001 20.76 0.89 23.30 <.0001
WCST %E 5.97 0.70 8.55 <.0001 7.18 0.71 10.14 <.0001
WCST %PE 6.34 0.68 9.35 <.0001 7.64 0.69 11.09 <.0001
WCST %NPE 6.03 0.70 8.60 <.0001 6.95 0.71 9.76 <.0001
WCST %PR 6.43 0.67 9.67 <.0001 7.62 0.68 11.28 <.0001
WCST %CLR 6.00 0.70 8.62 <.0001 7.18 0.71 10.15 <.0001
NAB LL IR 6.79 0.67 10.20 <.0001 8.03 0.68 11.81 <.0001
NAB LL SDR 7.83 0.82 9.58 <.0001 8.75 0.83 10.51 <.0001
NAB LL LDR 7.37 0.88 8.35 <.0001 7.93 0.90 8.82 <.0001
COWAT FAS  8.92 0.73 12.20 <.0001 8.88 0.75 11.90 <.0001
Animal Fluency 8.01 0.77 10.38 <.0001 8.95 0.79 11.38 <.0001
ROCF IPA 8.27 0.77 10.71 <.0001 8.85 0.79 11.25 <.0001
ROCF DR 8.65 0.76 11.44 <.0001 9.10 0.77 11.80 <.0001
ROCF DPA 8.27 0.77 10.84 <.0001 9.10 0.78 11.63 <.0001
ROCF Organization 6.94 1.02 6.82 <.0001 7.24 1.04 6.99 <.0001
Trails A 8.90 0.70 12.73 <.0001 8.98 0.71 12.57 <.0001
Trails B 7.97 0.89 8.94 <.0001 8.20 0.91 9.02 <.0001
NAB Map Reading 7.79 0.72 10.86 <.0001 7.99 0.73 10.92 <.0001
GP Dominant 6.78 0.75 9.08 <.0001 6.28 0.76 8.25 <.0001
GP Non-Dominant  6.95 0.82 8.50 <.0001 6.11 0.83 7.33 <.0001
D-KEFS Inhibition  -0.33 0.50 -0.67 0.5044 -0.07 0.51 -0.14 0.8889 
D-KEFS I/S  -0.12 0.49 -0.24 0.8121 -0.05 0.50 -0.11 0.9134 
BRIEF-A MI 12.39 0.90 13.81 <.0001 12.13 0.91 13.27 <.0001
BRIEF-A BRI 12.14 0.80 15.18 <.0001 11.77 0.82 14.44 <.0001
Beck Depression  1.58 0.84 1.88 0.0610 1.46 0.86 1.70 0.0902 
Beck Hopelessness -1.34 0.64 -2.11 0.0350 -1.27 0.65 -1.96 0.0500 
BDHI 5.76 0.83 6.90 <.0001 5.16 0.85 6.06 <.0001
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Region VI FA 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 140.80 11.76 11.97 <.0001 156.75 11.92 13.15 <.0001
WCST %E 47.78 11.53 4.15 <.0001 58.77 11.66 5.04 <.0001
WCST %PE 50.65 11.46 4.42 <.0001 61.86 11.60 5.33 <.0001
WCST %NPE 48.00 11.54 4.16 <.0001 57.32 11.67 4.91 <.0001
WCST %PR 51.30 11.43 4.49 <.0001 61.63 11.57 5.33 <.0001
WCST %CLR 47.98 11.52 4.16 <.0001 58.68 11.66 5.03 <.0001
NAB LL IR 53.60 11.48 4.67 <.0001 64.17 11.63 5.52 <.0001
NAB LL SDR 60.95 11.87 5.14 <.0001 70.12 12.02 5.83 <.0001
NAB LL LDR 57.93 12.10 4.79 <.0001 63.85 12.25 5.21 <.0001
COWAT FAS  69.15 11.65 5.93 <.0001 70.17 11.80 5.94 <.0001
Animal Fluency 62.60 11.73 5.34 <.0001 71.17 11.88 5.99 <.0001
ROCF IPA 64.41 11.70 5.51 <.0001 70.92 11.85 5.99 <.0001
ROCF DR 66.66 11.83 5.63 <.0001 71.05 11.98 5.93 <.0001
ROCF DPA 64.41 11.71 5.53 <.0001 72.34 11.86 6.10 <.0001
ROCF Organization 54.82 12.49 4.39 <.0001 61.15 12.66 4.83 <.0001
Trails A 68.91 11.55 5.97 <.0001 71.65 11.71 6.12 <.0001
Trails B 61.91 12.12 5.11 <.0001 66.23 12.27 5.40 <.0001
NAB Map Reading 60.50 11.63 5.20 <.0001 64.12 11.78 5.44 <.0001
GP Dominant 53.79 11.68 4.60 <.0001 52.13 11.83 4.41 <.0001
GP Non-Dominant  54.87 11.90 4.61 <.0001 51.21 12.05 4.25 <.0001
D-KEFS Inhibition  2.13 11.18 0.19 0.8492 4.60 11.32 0.41 0.6848 
D-KEFS I/S  3.71 11.19 0.33 0.7401 4.70 11.32 0.42 0.6779 
BRIEF-A MI 93.65 12.19 7.68 <.0001 93.68 12.35 7.58 <.0001
BRIEF-A BRI 92.01 11.94 7.71 <.0001 90.43 12.09 7.48 <.0001
Beck Depression  15.72 12.02 1.31 0.1913 16.13 12.17 1.32 0.1855 
Beck Hopelessness -5.38 11.43 -0.47 0.6380 -4.44 11.57 -0.38 0.7011 
BDHI 46.08 12.02 3.83 0.0001 42.86 12.18 3.52 0.0004 
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Region VI Trace 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 3.57 0.34 10.45 <.0001 3.94 0.34 11.43 <.0001
WCST %E 1.45 0.34 4.26 <.0001 1.69 0.34 4.94 <.0001
WCST %PE 1.52 0.34 4.47 <.0001 1.77 0.34 5.18 <.0001
WCST %NPE 1.46 0.34 4.27 <.0001 1.66 0.34 4.82 <.0001
WCST %PR 1.53 0.34 4.52 <.0001 1.76 0.34 5.18 <.0001
WCST %CLR 1.46 0.34 4.28 <.0001 1.69 0.34 4.93 <.0001
NAB LL IR 1.58 0.34 4.67 <.0001 1.83 0.34 5.36 <.0001
NAB LL SDR 1.76 0.35 5.08 <.0001 1.97 0.35 5.64 <.0001
NAB LL LDR 1.69 0.35 4.82 <.0001 1.83 0.35 5.19 <.0001
COWAT FAS  1.93 0.34 5.64 <.0001 1.96 0.35 5.68 <.0001
Animal Fluency 1.79 0.34 5.22 <.0001 1.99 0.35 5.75 <.0001
ROCF IPA 1.84 0.34 5.35 <.0001 1.98 0.35 5.72 <.0001
ROCF DR 1.88 0.35 5.46 <.0001 1.98 0.35 5.70 <.0001
ROCF DPA 1.84 0.34 5.37 <.0001 2.01 0.35 5.81 <.0001
ROCF Organization 1.62 0.36 4.52 <.0001 1.73 0.36 4.80 <.0001
Trails A 1.94 0.34 5.68 <.0001 1.99 0.34 5.81 <.0001
Trails B 1.78 0.35 5.07 <.0001 1.87 0.35 5.28 <.0001
NAB Map Reading 1.75 0.34 5.16 <.0001 1.84 0.34 5.35 <.0001
GP Dominant 1.59 0.34 4.62 <.0001 1.55 0.35 4.47 <.0001
GP Non-Dominant  1.62 0.35 4.67 <.0001 1.53 0.35 4.38 <.0001
D-KEFS Inhibition  0.41 0.33 1.23 0.2205 0.47 0.34 1.40 0.1619 
D-KEFS I/S  0.44 0.33 1.33 0.1846 0.47 0.34 1.40 0.1610 
BRIEF-A MI 2.49 0.35 7.03 <.0001 2.49 0.36 6.98 <.0001
BRIEF-A BRI 2.45 0.35 7.00 <.0001 2.41 0.35 6.85 <.0001
Beck Depression  0.70 0.35 2.02 0.0439 0.72 0.35 2.06 0.0396 
Beck Hopelessness 0.23 0.34 0.68 0.4948 0.26 0.34 0.77 0.4394 
BDHI 1.39 0.35 3.99 <.0001 1.33 0.35 3.78 0.0002 
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Region VI AD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 6.02 0.70 8.54 <.0001 6.67 0.72 9.30 <.0001
WCST %E 2.49 0.70 3.55 0.0004 2.92 0.71 4.09 <.0001
WCST %PE 2.60 0.70 3.71 0.0002 3.05 0.71 4.28 <.0001
WCST %NPE 2.50 0.70 3.56 0.0004 2.86 0.71 4.00 <.0001
WCST %PR 2.62 0.70 3.75 <.0001 3.04 0.71 4.27 <.0001
WCST %CLR 2.50 0.70 3.56 0.0004 2.92 0.71 4.09 <.0001
NAB LL IR 2.71 0.70 3.87 0.0001 3.14 0.71 4.41 <.0001
NAB LL SDR 3.00 0.71 4.22 <.0001 3.37 0.72 4.66 <.0001
NAB LL LDR 2.88 0.71 4.03 <.0001 3.13 0.73 4.31 <.0001
COWAT FAS  3.30 0.71 4.68 <.0001 3.36 0.72 4.69 <.0001
Animal Fluency 3.05 0.71 4.32 <.0001 3.41 0.72 4.74 <.0001
ROCF IPA 3.13 0.71 4.43 <.0001 3.39 0.72 4.73 <.0001
ROCF DR 3.21 0.71 4.52 <.0001 3.40 0.72 4.71 <.0001
ROCF DPA 3.13 0.71 4.44 <.0001 3.45 0.72 4.80 <.0001
ROCF Organization 2.77 0.73 3.81 0.0001 3.00 0.74 4.06 <.0001
Trails A 3.29 0.70 4.69 <.0001 3.42 0.72 4.78 <.0001
Trails B 3.03 0.72 4.24 <.0001 3.21 0.73 4.41 <.0001
NAB Map Reading 2.99 0.70 4.25 <.0001 3.15 0.71 4.40 <.0001
GP Dominant 2.72 0.71 3.85 0.0001 2.67 0.72 3.72 0.0002 
GP Non-Dominant  2.77 0.71 3.89 0.0001 2.64 0.72 3.66 0.0003 
D-KEFS Inhibition  0.76 0.69 1.10 0.2729 0.87 0.71 1.23 0.2179 
D-KEFS I/S  0.82 0.69 1.18 0.2387 0.87 0.71 1.24 0.2166 
BRIEF-A MI 4.22 0.72 5.87 <.0001 4.25 0.73 5.81 <.0001
BRIEF-A BRI 4.15 0.71 5.82 <.0001 4.13 0.73 5.69 <.0001
Beck Depression  1.26 0.71 1.76 0.0778 1.30 0.73 1.79 0.0736 
Beck Hopelessness 0.47 0.70 0.67 0.5035 0.52 0.71 0.74 0.4608 
BDHI 2.41 0.71 3.37 0.0008 2.32 0.73 3.19 0.0015 
 
  
208
 
 
 
 
 
Region VI RD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 17.11 0.97 17.60 <.0001 18.76 0.96 19.45 <.0001
WCST %E 6.49 0.94 6.91 <.0001 7.59 0.93 8.18 <.0001
WCST %PE 6.81 0.93 7.36 <.0001 7.98 0.92 8.72 <.0001
WCST %NPE 6.53 0.94 6.92 <.0001 7.39 0.93 7.91 <.0001
WCST %PR 6.89 0.92 7.49 <.0001 7.96 0.91 8.75 <.0001
WCST %CLR 6.52 0.94 6.94 <.0001 7.57 0.93 8.15 <.0001
NAB LL IR 7.16 0.92 7.78 <.0001 8.30 0.91 9.10 <.0001
NAB LL SDR 8.04 0.98 8.19 <.0001 8.98 0.97 9.21 <.0001
NAB LL LDR 7.68 1.02 7.53 <.0001 8.31 1.01 8.21 <.0001
COWAT FAS  8.88 0.96 9.24 <.0001 8.94 0.95 9.37 <.0001
Animal Fluency 8.20 0.96 8.55 <.0001 9.08 0.95 9.54 <.0001
ROCF IPA 8.44 0.96 8.80 <.0001 9.00 0.95 9.46 <.0001
ROCF DR 8.68 0.98 8.86 <.0001 9.06 0.97 9.32 <.0001
ROCF DPA 8.44 0.96 8.83 <.0001 9.18 0.95 9.63 <.0001
ROCF Organization 7.34 1.10 6.65 <.0001 7.72 1.10 7.05 <.0001
Trails A 8.93 0.94 9.53 <.0001 9.10 0.93 9.76 <.0001
Trails B 8.14 1.03 7.87 <.0001 8.44 1.03 8.22 <.0001
NAB Map Reading 8.04 0.93 8.67 <.0001 8.34 0.92 9.07 <.0001
GP Dominant 7.18 0.96 7.46 <.0001 6.87 0.95 7.20 <.0001
GP Non-Dominant  7.36 0.99 7.41 <.0001 6.79 0.98 6.89 <.0001
D-KEFS Inhibition  1.28 0.87 1.47 0.1406 1.57 0.86 1.82 0.0683 
D-KEFS I/S  1.45 0.87 1.67 0.0957 1.58 0.86 1.83 0.068 
BRIEF-A MI 11.65 1.07 10.84 <.0001 11.52 1.07 10.80 <.0001
BRIEF-A BRI 11.44 1.04 11.00 <.0001 11.14 1.03 10.80 <.0001
Beck Depression  2.70 1.01 2.68 0.0075 2.79 1.00 2.79 0.0054 
Beck Hopelessness 0.37 0.91 0.41 0.6847 0.53 0.90 0.59 0.5561 
BDHI 6.15 1.02 6.00 <.0001 5.81 1.02 5.71 <.0001
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Region VII FA 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 144.61 19.06 7.59 <.0001 158.85 18.93 8.39 <.0001
WCST %E 53.98 19.00 2.84 0.0046 63.84 18.86 3.39 0.0007 
WCST %PE 56.78 18.95 3.00 0.0028 66.92 18.82 3.56 0.0004 
WCST %NPE 54.21 19.01 2.85 0.0044 62.34 18.87 3.30 0.0010 
WCST %PR 57.43 18.93 3.03 0.0010 66.72 18.80 3.55 0.0004 
WCST %CLR 54.18 19.00 2.85 0.0044 63.75 18.86 3.38 0.0007 
NAB LL IR 59.75 18.95 3.15 0.0017 69.36 18.82 3.69 0.0002 
NAB LL SDR 67.08 19.17 3.50 0.0005 75.15 19.04 3.95 <.0001
NAB LL LDR 64.18 19.30 3.33 0.0009 69.33 19.17 3.62 0.0003 
COWAT FAS  74.44 19.08 3.90 0.0001 75.07 18.95 3.96 <.0001
Animal Fluency 68.57 19.09 3.59 0.0003 76.13 18.96 4.02 <.0001
ROCF IPA 70.30 19.09 3.68 0.0002 75.58 18.96 3.99 <.0001
ROCF DR 72.25 19.17 3.77 0.0002 75.95 19.04 3.99 <.0001
ROCF DPA 70.30 19.10 3.69 0.0002 77.04 18.97 4.06 <.0001
ROCF Organization 60.80 19.57 3.11 0.0019 65.83 19.45 3.39 0.0007 
Trails A 74.84 18.98 3.94 <.0001 76.47 18.86 4.05 <.0001
Trails B 67.64 19.33 3.50 0.0005 71.28 19.20 3.71 0.0002 
NAB Map Reading 66.67 19.03 3.50 0.0005 69.32 18.90 3.67 0.0003 
GP Dominant 59.83 19.07 3.14 0.0017 57.85 18.94 3.05 0.0023 
GP Non-Dominant  61.07 19.19 3.18 0.0015 56.82 19.07 2.98 0.0029 
D-KEFS Inhibition  9.45 18.76 0.50 0.6146 11.80 18.66 0.63 0.5271 
D-KEFS I/S  10.98 18.76 0.59 0.5586 11.92 18.66 0.64 0.5230 
BRIEF-A MI 98.67 19.41 5.08 <.0001 97.25 19.28 5.04 <.0001
BRIEF-A BRI 96.97 19.26 5.04 <.0001 94.24 19.13 4.93 <.0001
Beck Depression  22.47 19.26 1.17 0.2437 22.54 19.14 1.18 0.2392 
Beck Hopelessness 2.03 18.93 0.11 0.9148 3.01 18.80 0.16 0.8728 
BDHI 52.01 19.29 2.70 0.0071 48.48 19.16 2.53 0.0115 
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Region VII Trace 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 3.34 0.31 10.86 <.0001 3.71 0.31 11.89 <.0001
WCST %E 1.18 0.31 3.87 0.0001 1.42 0.31 4.61 <.0001
WCST %PE 1.25 0.30 4.11 <.0001 1.50 0.31 4.88 <.0001
WCST %NPE 1.19 0.31 3.89 0.0001 1.39 0.31 4.48 <.0001
WCST %PR 1.26 0.30 4.17 <.0001 1.49 0.31 4.87 <.0001
WCST %CLR 1.19 0.31 3.89 0.0001 1.42 0.31 4.60 <.0001
NAB LL IR 1.31 0.30 4.31 <.0001 1.56 0.31 5.05 <.0001
NAB LL SDR 1.48 0.31 4.75 <.0001 1.70 0.32 5.37 <.0001
NAB LL LDR 1.41 0.32 4.46 <.0001 1.55 0.32 4.84 <.0001
COWAT FAS  1.68 0.31 5.46 <.0001 1.70 0.31 5.45 <.0001
Animal Fluency 1.52 0.31 4.90 <.0001 1.71 0.31 5.46 <.0001
ROCF IPA 1.57 0.31 5.08 <.0001 1.72 0.31 5.50 <.0001
ROCF DR 1.62 0.31 5.19 <.0001 1.72 0.32 5.44 <.0001
ROCF DPA 1.57 0.31 5.10 <.0001 1.75 0.31 5.59 <.0001
ROCF Organization 1.35 0.33 4.13 <.0001 1.47 0.33 4.46 <.0001
Trails A 1.67 0.31 5.46 <.0001 1.73 0.31 5.56 <.0001
Trails B 1.51 0.32 4.75 <.0001 1.59 0.32 4.95 <.0001
NAB Map Reading 1.48 0.31 4.83 <.0001 1.57 0.31 5.05 <.0001
GP Dominant 1.32 0.31 4.27 <.0001 1.27 0.31 4.06 <.0001
GP Non-Dominant  1.35 0.31 4.30 <.0001 1.25 0.32 3.93 <.0001
D-KEFS Inhibition  0.12 0.30 0.40 0.6882 0.18 0.30 0.59 0.5549 
D-KEFS I/S  0.16 0.30 0.52 0.6016 0.18 0.30 0.60 0.5504 
BRIEF-A MI 2.24 0.32 7.02 <.0001 2.24 0.32 6.95 <.0001
BRIEF-A BRI 2.20 0.31 6.99 <.0001 2.17 0.32 6.81 <.0001
Beck Depression  0.43 0.32 1.36 0.1729 0.45 0.32 1.41 0.1595 
Beck Hopelessness -0.05 0.30 -0.17 0.8626 -0.03 0.31 -0.09 0.9252 
BDHI 1.13 0.32 3.58 0.0004 1.07 0.32 3.34 0.0009 
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Region VII AD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 3.34 0.31 10.86 <.0001 3.71 0.31 11.89 <.0001
WCST %E 1.18 0.31 3.87 0.0001 1.42 0.31 4.61 <.0001
WCST %PE 1.25 0.30 4.11 <.0001 1.50 0.31 4.88 <.0001
WCST %NPE 1.19 0.31 3.89 0.0001 1.39 0.31 4.48 <.0001
WCST %PR 1.26 0.30 4.17 <.0001 1.49 0.31 4.87 <.0001
WCST %CLR 1.19 0.31 3.89 0.0001 1.42 0.31 4.60 <.0001
NAB LL IR 1.31 0.30 4.31 <.0001 1.56 0.31 5.05 <.0001
NAB LL SDR 1.48 0.31 4.75 <.0001 1.70 0.32 5.37 <.0001
NAB LL LDR 1.41 0.32 4.46 <.0001 1.55 0.32 4.84 <.0001
COWAT FAS  1.68 0.31 5.46 <.0001 1.70 0.31 5.45 <.0001
Animal Fluency 1.52 0.31 4.90 <.0001 1.71 0.31 5.46 <.0001
ROCF IPA 1.57 0.31 5.08 <.0001 1.72 0.31 5.50 <.0001
ROCF DR 1.62 0.31 5.19 <.0001 1.72 0.32 5.44 <.0001
ROCF DPA 1.57 0.31 5.10 <.0001 1.75 0.31 5.59 <.0001
ROCF Organization 1.35 0.33 4.13 <.0001 1.47 0.33 4.46 <.0001
Trails A 1.67 0.31 5.46 <.0001 1.73 0.31 5.56 <.0001
Trails B 1.51 0.32 4.75 <.0001 1.59 0.32 4.95 <.0001
NAB Map Reading 1.48 0.31 4.83 <.0001 1.57 0.31 5.05 <.0001
GP Dominant 1.32 0.31 4.27 <.0001 1.27 0.31 4.06 <.0001
GP Non-Dominant  1.35 0.31 4.30 <.0001 1.25 0.32 3.93 <.0001
D-KEFS Inhibition  0.12 0.30 0.40 0.6882 0.18 0.30 0.59 0.5549 
D-KEFS I/S  0.16 0.30 0.52 0.6016 0.18 0.30 0.60 0.5504 
BRIEF-A MI 2.24 0.32 7.02 <.0001 2.24 0.32 6.95 <.0001
BRIEF-A BRI 2.20 0.31 6.99 <.0001 2.17 0.32 6.81 <.0001
Beck Depression  0.43 0.32 1.36 0.1729 0.45 0.32 1.41 0.1595 
Beck Hopelessness -0.05 0.30 -0.17 0.8626 -0.03 0.31 -0.09 0.9252 
BDHI 1.13 0.32 3.58 0.0004 1.07 0.32 3.34 0.0009 
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Region VII RD 
 AFE <12 AFE >12 
Outcomes Est. SE T Value P Value Est. SE 
T 
Value P Value
WRAT-4 Reading 17.01 1.18 14.36 <.0001 18.90 1.21 15.66 <.0001
WCST %E 5.62 1.15 4.90 <.0001 6.87 1.17 5.89 <.0001
WCST %PE 5.95 1.13 5.25 <.0001 7.27 1.15 6.30 <.0001
WCST %NPE 5.65 1.15 4.92 <.0001 6.66 1.17 5.70 <.0001
WCST %PR 6.03 1.13 5.34 <.0001 7.24 1.15 6.30 <.0001
WCST %CLR 5.65 1.15 4.93 <.0001 6.84 1.17 5.87 <.0001
NAB LL IR 6.27 1.14 5.51 <.0001 7.59 1.16 6.54 <.0001
NAB LL SDR 7.18 1.20 5.99 <.0001 8.32 1.22 6.82 <.0001
NAB LL LDR 6.79 1.23 5.50 <.0001 7.54 1.26 6.00 <.0001
COWAT FAS  8.25 1.16 7.13 <.0001 8.32 1.18 7.06 <.0001
Animal Fluency 7.36 1.18 6.23 <.0001 8.41 1.20 6.98 <.0001
ROCF IPA 7.64 1.16 6.56 <.0001 8.44 1.19 7.11 <.0001
ROCF DR 7.94 1.19 6.69 <.0001 8.43 1.21 6.97 <.0001
ROCF DPA 7.64 1.16 6.59 <.0001 8.60 1.19 7.23 <.0001
ROCF Organization 6.49 1.30 5.00 <.0001 7.08 1.32 5.36 <.0001
Trails A 8.16 1.16 7.07 <.0001 8.46 1.18 7.17 <.0001
Trails B 7.35 1.24 5.92 <.0001 7.72 1.26 6.11 <.0001
NAB Map Reading 7.17 1.15 6.24 <.0001 7.65 1.17 6.53 <.0001
GP Dominant 6.33 1.17 5.39 <.0001 6.01 1.20 5.03 <.0001
GP Non-Dominant  6.47 1.20 5.38 <.0001 5.92 1.23 4.83 <.0001
D-KEFS Inhibition  0.00 1.09 0.00 0.9981 0.31 1.11 0.28 0.7831 
D-KEFS I/S  0.19 1.09 0.17 0.8637 0.31 1.11 0.28 0.7810 
BRIEF-A MI 11.17 1.25 8.95 <.0001 11.26 1.27 8.86 <.0001
BRIEF-A BRI 10.95 1.22 9.00 <.0001 10.82 1.24 8.73 <.0001
Beck Depression  1.62 1.22 1.33 0.1845 1.77 1.24 1.42 0.1561 
Beck Hopelessness -0.90 1.13 -0.80 0.4253 -0.78 1.15 -0.68 0.4943 
BDHI 5.32 1.22 4.36 <.0001 5.02 1.24 4.04 <.0001
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